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Abstract

Material constitutive properties, which describe the mechanical behavior of a

material under loading, are vital to the design and implementation of engineering

materials. For homogeneous materials, the standard process for determining these

properties is the tensile test, which is used to measure the material stress-strain response.

However, a majority of the applications for engineering materials involve the use of

heterogeneous materials and structures (i.e. alloys, welded components) that exhibit

heterogeneity on a global or local level. Regardless of the scale of heterogeneity, the

overall response of the material or structure is dependent on the response of each of the

constituents. Therefore, in order to produce materials and structures that perform in the

best possible manner, the properties of the constituents that make up the heterogeneous

material must be thoroughly examined.

When materials exhibit heterogeneity on a local level, such as in alloys or

pa,'ticle/matrix composites, they are often treated as statistically homogeneous and the

resulting "effective" properties may be determined through homogenization techniques.

In the case of globally heterogeneous materials, such as weldments, the standard tensile

test provides the global response but no information on what is occurring locally within

the different constituents. This information is necessary to improve the material

processing as well as the end product.

The present work is concerned with the determination of local material

constitutive properties of structures that are heterogeneous on a global scale using a

technique employing standard tensile testing procedures and digital image correlation

(DIC). In particular, the study is focused on friction stir welds (FSW) in aluminum alloy
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2024andthedeterminationof the materialpropertiesassociatedwith the heterogeneous

structure.Theexperimentallydeterminedlocalconstitutivedatais verified by 2-D and3-

D finite elementsimulationsof the global and local mechanicalresponseof the friction

stir weld.
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Chapter I Introduction

1.1 Problem Description

Heterogeneity exists in many natural and artificial materials that play an

important role in our society. Materials such as metals, alloys, polymers, fiber composites

and structures such as weldments are used for a wide variety of applications and all

exhibit heterogeneity on either a local or global level. Regardless of the application or

scale of heterogeneity, all materials and structures must be studied and tested to

determine the suitability for the target application. A key element in determining whether

or not a material is suitable for a desired purpose is the material constitutive behavior.

The constitutive behavior describes the response of the material under loading and

provides the necessary information for design and implementation of engineering

materials and structures.

The methods used to examine material constitutive behavior depend largely on

the heterogeneous nature of the material or structure and all of these methods have

associated advantages and disadvantages. The goal of the present work is to provide the

foundation, development and application of an experimental technique, based on Digital

Image Correlation, which may be used to examine the local material constitutive

behavior of materials that exhibit heterogeneity on a global scale. In particular, the study

is focused on the heterogeneous structure produced by the innovative, solid-state process

of friction stir welding (FSW).
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The problemdescriptionis posedin the following manner.Developa technique

that may be used to qualitatively and quantitatively describe the local material

constitutive behavior of a heterogeneousmaterial from a single tensile test and

demonstratethe validity of the technique,as well as all of the necessaryassumptions,

usingnumericalmodelingtechniques.

1.2 Scope of Research

The scope of this investigation is separated into two categories, experimental and

numerical. Although the technique itself is experimental in nature, development of the

numerical model is directly related to the experimental results and so the two are not

altogether separable. As a result, the experimental information gathered and discussed

serves the dual purposes of demonstrating the capabilities of the proposed technique and

providing the necessary information for construction of the finite element model.

Experimentally, the scope of this investigation includes demonstration of the full

field measurement capabilities of the digital image correlation technique in examining the

local material response of friction stir welded specimens under tensile loading conditions:

quantitative description of the global weld responses in tension; quantitative description

of the material distribution within the welds; and quantitative description of the local

constitutive behavior of the various weld regions. These topics are each studied for three

different weld conditions (hot, nominal, cold) using full size tensile specimens machined

from welded plates. Additionally, thin specimens, cut from full size specimens of the

nominal weld, are tested to demonstrate the iso-stress assumption associated with the

proposed technique.



The scope of the numerical portion of this study includes validation of the

experimentallydeterminedlocal materialproperties,throughdirect comparisonof the

local and global mechanicalresponsesof the different welds; justification for the iso-

stressassumption;qualitative limit analysisthroughtwo-dimensionalplanestrain, two-

dimensionalplane stressand three-dimensionalmodeling; and demonstrationof the

benefit andapplicationof the numericalmodel.The majority of the modeldevelopment

focuseson the nominal weld specimen.Two-dimensionalplanestrainand planestress

models of the full size specimenare constructedand analyzedto demonstratethe

accuracyof theexperimentallydeterminedlocalmaterialpropertiesandprovideevidence

for theplanestresslimiting condition.3-D modelsof varyingwidths arethenconstructed

andanalyzedto verify thesefindings.On thebasisof the2-D and3-D models,both the

hot and cold welds are modeledusingthe 2-D planestressmodel. The benefit of the

detailed model is shown by comparing the results with a model incorporating an

"average"materialdescriptionof theheterogeneousweld. Finally,themodelis appliedto

the investigationof theeffectof weld defectson themechanicalresponseof thenominal

weldandthemechanicalresponseof thenominalweld underthree-pointbending.



Chapter 2 Background

2.1 Heterogeneous Materials

In an effort to explore heterogeneity, a distinction must be made between

heterogeneous material and heterogeneous body. Heterogeneous materials may occur

naturally as in polycrystalline metals or be artificially created in a variety of ways: the

addition of particles or fibers in the case of particle/matrix and fiber/matrix composites,

or through microstructural modifications in the case of alloying and heat treatment.

Mechanical alloying, thermal heat treatments and the addition of particles and fibers are

all processes that result in uniform material heterogeneity and they are almost exclusively

designed to improve mechanical properties. According to Hashin [ 1], these materials may

be regarded as statistically homogeneous in the sense that it is possible to define a

representative volume element (RVE) that describes the heterogeneous nature of tile

material and is the same at any location within the material. The resulting mechanical

properties are basically "effective" properties that describe the material as a whole. The

analytical determination of the effective properties of particle/matrix composites dates

back to the late 19 th and early 20 th centuries and includes works by J.C Maxwell, Lord

Rayleigh and Albert Einstein [1].

lnhomogeneity, in the form of an ellipsoidal inclusion in a homogeneous matrix,

was examined in the seminal work by Eshelby [2]. In this work he describes the

theoretical foundations for determining the elastic field resulting from the presence of the
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inclusion in an infinite, homogeneousmediumusingtheconceptof transformationstrain.

The moregeneralproblemof estimatingmacroscopicpropertiesof two-phasematerials

with arbitrary concentrationsand arbitrary inclusion shapes,covering elastic and

elastoplasticbehavior,was presentedby Hill [3, 4] and Mori and Tanaka[5]. These

works providethe origin for manysubsequenttechniquesbasedon homogenizationand

micro-mechanicsapproaches,in addition to the well known rule of mixtures in the

analysis of composites, that have been developed and applied to a variety of

heterogeneousmaterials.

VanderSluis et al. [6] usea homogenizationprocedureto examinethebehavior

of heterogeneouselastoviscoplasticmaterialswith arbitrary microstructures.The effects

of regularandirregularmicrostructureaswell asboundaryconditionson themechanical

behavior of the RVE were examined and the results comparedwith finite element

calculationson a completelydiscretisedheterogeneousstructureto show the validity of

the homogenizationmethod.Garbocziand Day [7] utilize effective mediumtheory, a

homogenizationapproach,in computing the effective linearelastic propertiesof two-

phasecomposites.A finite elementbasedalgorithmwasdevelopedfor usewith 2-D or

3-Ddigital images,acquiredusing light or electronmicroscopyfor example,or simulated

from microstructuralmodels, representingthe material microstructure.Reynoldsand

Baxter [8] examinethe hardeningbehaviorof a dispersionstrengthenedaluminumalloy,

undermonotonicand fully reversedloading,usinga micro-mechanicsmodelknown as

the generalizedmethodof cells. Alloy microstructureis representedby a repeatingunit

cell, which is divided into homogeneoussubcellscontainingone of the heterogeneous

materialcomponents.The relationshipbetweenglobal and subcellstrainsis established
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and then subcell stressesarecalculatedfrom prescribedcomponentconstitutive laws.

This average constitutive relationship defines the mechanical response of the

heterogeneousmaterial.Kandaet al. [9] model the tensile responseof pseudo-strain-

hardeningfiber-reinforcedcementcompositesvia a micro-mechanicsbasedtheoretical

approach. The analytical formulas provided by the model depend on the

micro-mechanicalpropertiesof the fiber, matrix and fiber/matrix interface and are

utilized to predictthestress-strainresponse,crackspacingandflawsizedistribution.

Heterogeneousbodies,in contrast,are the result of processesthat producelocal

gradientsin materialproperties,but are not describedby statistical homogeneityas

mentionedabove.Thesebodiesmay be viewed as compositesin the sensethat they

contain local variations in material properties,but they cannotbe representedby a

repeatedelement.Some typical heterogeneousbodies include laminates,functionally

graded materials,cracked media and welded structures, in the case of laminates,

heterogeneityis the result of manufacturingusing known components.For the other

examples,thecomponentsareproductsof processingor loading(i.e. cracks).Whenthe

componentsareknown,andreadilyproduced,determiningtheconstitutivebehavioris a

simpletaskandthis informationmaybeutilized to enhanceunderstandingof theoverall

behaviorof the heterogeneousbody. However,whenthe componentsareunknownand

uniqueto theprocessing,constitutive behavior is much more difficult to come by. This is

particularly the case for welded structures.

Welding, in general, is a tool used for joining structural components and has

found widespread application in ferrous and non-ferrous metals [10-121. Welding

methods may be broadly categorized as either fusion processes or solid-state processes



andtheselectionof oneprocessover theother is largelydependenton thematerialsto be

used.Regardlessof the method,the result of a welding processis the productionof a

heterogeneousstructureconsistingof locally homogeneous"zones" [11, 12]. Terms

typically associatedwith welding are nuggetor fusion zone, heat-affectedzone and

thermo-mechanicallyaffectedzoneand it is thesezonesthat governtheoverall behavior

of theweldedstructure.Therefore,it is necessaryto understandandbeableto predictthe

constitutivebehaviorof thesezonesin orderoptimizetheprocessandimprovetheoverall

product.

2.2 Friction Stir Welding

Welding has been an integral part of the technological progress that continues in

industries ranging from commercial construction to aerospace. With the ever-present

advances in material science and techno[ogy, new welding techniques must be developed

and existing techniques improved in order to accommodate new materials and achieve

new standards. One of the most recent and appealing developments in the welding arena

is friction stir welding (FSW). The solid-state process, derived from conventional friction

welding, was invented in 1991 by The Welding Institute and arose primarily out of

interest in joining the often difficult to weld aluminum alloys [13]. Friction stir welding

poses a number of advantages over other welding techniques as well as some

disadvantages. Welding can be performed on a standard milling machine and requires no

specialized operator skill, equipment or surface preparation. As a solid-state process,

there is no need for filler metal or shielding gas for aluminum and the problems of

porosity, cracking and distortion associated with fusion welds may be avoided. However,
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the forcesneededto accommodatethe frictional heatingand plasticdeformationrequire

largereactiveforcesand support.In addition, the processmay proveslower thanother

techniquesand in somesituationsrequireadditionalwelding techniquesto fill the hole

left at theendof theweld.

Detailed descriptionsof the process[13-16] describe it as a combinationof

extrusion and forging. A rotating cylindrical tool is plunged into the material and

traversedalongthejoint line. The tool is designedwith a largediametershoulderanda

concentricsmallerdiameterpin. Figure2-1 showsa schematicof theprocessandsome

associatednomenclature.Frictionalheatingcausedby therelativemotion of thepin and

shoulderwith thework piececreatesavolumeof plasticizedmaterialunderthetool. The

temperaturesachievedduringweldingarelower than thematerialmeltingpoint, but high

enoughto reducethe materialflow stressso that asthetool is rotatedand movedalong

thejoint, thesoftenedmaterialis extrudedaroundthepin andthenforgedbehindthe pin

under the downward force of the shoulder.Although the actual material flow is not

completelydocumented,FSW producesdefect free weldswith exceptionalmechanical

properties.As with anynew processdevelopmenthowever,a greatdeal of researchis

requiredto advancethe knowledgeand understandingof the FSW technique.Current

efforts in friction stir welding are focusedon processmodeling,materialflow behavior,

microstructure,andmechanicalproperties.

Thedevelopmentof processmodelsis necessaryfor understandingthephysicsof

the processandproviding useful feedbackfor future improvements.Efforts in this area

are paralleledby experimentaltechniquesdesignedto provideevidenceof the actual

materialflow. Reynoldset al. [17] describea markerinserttechniquefor post-weldflow
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visualization.This techniqueutilizes markersof a materialdifferent than theweld metal

insertedin theweldpathat variouslocationsthroughtheweldthickness.After welding, a

slice of the surface is milled off and etched to reveal the location of the deformed

markers.Thesurroundingregionof eachmarkeris thencapturedin adigital image.

Welding
TOOL Direction

o

\
Pin

Rotabon

Figure 2-1 Schematic of the Friction Stir Welding process and some of the

associated nomenclature.

This process is repeated until the entire weld thickness has been removed so that a three-

dimensional image of the deformed material is created. A similar method demonstrated

by Bernstein and Nunes [ 18] uses an array of copper wire markers inserted in the contact

surfaces. Radiographs of the deformed markers show the general appearance reported by

Reynolds et al [17]. Colligan [15] utilizes a shot tracer technique in which steel shot is



placedin a machinedgroovealong the faying surface.Welding is carriedout and then

stoppedprematurelyso thatthereis undisturbedshotaheadof the weldend.The weld is

then radiographedto revealthe locationof the tracermaterial.The weldingof dissimilar

materialsis anothermethodusedby Li et al. [19,20] to revealmaterialflow patternsin

FSW. This techniquerelies on the different etchingcharacteristicsof the materialsto

reveal the complexfeaturescharacteristicto this process.Experimentalflow dataand

temperatureprofile dataareneededto developand validatethe variousprocessmodels

that are currently being developed.Chao and Qi [21] outline thermal and thermo-

mechanicalfinite elementmodelsto investigatethe temperaturefields, residualstresses

and distortion associatedwith FSW. The thermalmodel usesexperimentaltemperature

data to calculatethe thermal history tbr the particular FSW parameters,and then the

thermalhistory is usedasinput for the thermo-mechanicalmodel.Smithet al. [22] usea

fluid mechanicsbasedmodelto studytheheatgenerationandmaterialflow in FSW.This

approachwasadoptedfrom previousefforts in modelingfriction weldingandaluminum

extrusionprocesses.

As a solid-stateprocessFSW doesnot involve melting,however,thebasemetal

microstructureisalteredandsharessomesimilarcharacteristicswith fusionwelds.Figure

2-2 shows a typical FSW and the associatedmicrostructura[regions.The nuggetor

dynamicallyrecrystallizedzone,DRZ, and the regiondirectly above(flow arm),which

correspondsto the fusion zone, contain recrystallized grains as a result of high

temperaturesandextremeplastic deformation.Adjacentto the DRZ and flow arm is a

region,the thermo-mechanicallyaffectedzone(TMAZ) asdescribedby Mahoneyet al.

[14], that has experiencedhigh temperaturesand plastic deformation,but to a lesser
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degreethan in the DRZ. The heat-affectedzone(HAZ), the region that hasexperienced

high temperaturesonly, extendsfrom theboundaryof the DRZ andTMZ andtransitions

to the base metal with little noticeablechange in microstructureat magnifications

achievablewith theopticalmicroscope.

Figure 2-2 Typical microstructure of a Friction Stir Weld showing several

distinct weld regions.

It is obvious from Figure 2-2 that FSW creates a heterogeneous structure

composed of nominally homogeneous regions (i.e. Base metal, HAZ, TMZ, DRZ). Each

zone has experienced some form of thermal or thermo-mechanica[ cycle and as a result

there exists property gradients in both the thickness and transverse directions. The

property gradients are undoubtedly related to the microstructural gradients and because

the property gradients govern the overall mechanical behavior of the weld, these two

issues should be examined together. However, much of the work in microstructural

characterization is centered on defining the characteristics of the local weld regions and

the corresponding microhardness. This is demonstrated in a number of papers [ 14,23-26]

in which microstructures associated with hardness profiles are characterized for several

alloys utilizing transmission electron microscopy (TEM) to identify grain sizes,
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precipitatedistributionsanddislocationdensities.Although microhardnessis a property,

it givesonly aqualitativemeasureof the materialsresistanceto plasticdeformation.The

local stress-strainresponseis neededto determinethe local materialpropertiesandmost

of the studiesexamining mechanicalpropertiesare focusedprimarily on the overall

mechanicalresponsein tensionandfatigue.

Bussuand Irving [27] and Biallaset al. [28] examinethefatigueperformanceof

friction stir welds in AA2024-T3to observethe role of surfacefeaturesandhardnessin

fatigue initiation. Kinchenet al. [29] studythe tensileproperties,at roomandcryogenic

temperatures,andfracturetoughnessof AA2195-T8 FSW. Mahoneyet al. [14] evaluate

theeffectsof FSWanda postweld agingtreatmenton thetensilepropertiesof AA7075-

T65l. Longitudinal specimenscontainingonly nuggetmaterialwere testedin the as-

welded and post-weldagedconditions to comparenuggetand basemetal properties.

Transversespecimenscontainingtheentireweld werealsotestedin as-weldedandpost-

weld agedconditionsfor comparisonwith basemetal properties.In addition, the local

normal strain distribution at failure, within the different zones, was examined by

measuringthe displacementof finely spacedparallel lines applied to the specimen

surface.For themostpart,the studiesof the mechanicalpropertiesof friction stir welds,

and heterogeneousmaterialsin general,areconcernedwith overall or global properties

becauseit is difficult to examinethedifferent componentsseparately.However,because

of the link betweenthe local and the global mechanicalbehavior, it is necessaryto

developmethodsof determiningthe localconstitutivepropertiesin orderto improvethe

productandtheprocess.
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2.3 Constitutive Property Determination Techniques

The ability to effectively determine the material behavior of the homogeneous

components of heterogeneous structures is a difficult but necessary task for the complete

understanding of the overall mechanical response. The difficulty arises due to the limited

sizes of the component regions and the fact that in many cases the regions are the result

of the processing and cannot be duplicated individually. The necessity for this

information has however, led to the development of several techniques designed to

measure the local material response of heterogeneous structures.

2.3.1 Microtensile Specimens

The most common method for determining the mechanical response of a material

is the tensile test. Typically this requires bulk material fiom which tensile specimens are

machined. In the case of heterogeneous materials, such as welds, the bulk materials of

interest are the various weld zones; the sizes of these zones are typically very small and

there is no bulk quantity of HAZ or TMZ material available. The idea behind the

microtensile technique is to machine small tensile specimens, containing only the desired

material, from the various weld regions for use in standard tensile tests. This technique

has been applied to the study of several different welded structures and welding

processes.

LaVan [30] examines the microtensile technique in determining the local

properties of heterogeneous and anisotropic materials. Microtensile specimens, roughly

0.5mm thick and 0.2mm wide, are extracted from various regions of a GMAW (gas metal

arc weld) in a steel plate and tested in a miniature tensile test machine. Specimen
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preparationinvolves first cutting 0.5mm thick slices from the weld using wire-EDM.

Individual "bow-tie" samples,designedto fit specializedgrips to avoid specimen

deformationduring clamping,are then cut and polished. Specimenstrain is measured

directly on the sampleusinga laserinterferometrytechnique,which involvesmeasuring

the interferencefringescreatedby the laserreflection from two mirohardnessindents.

The stress-strainresponsefrom eachweld region is measureddirectly from the tensile

test and subsequentmaterial properties are determined.Cam et al. [31] utilize

microtensilespecimensfor determiningthe local mechanicalpropertiesof laserbeam

weldedjoints in steel.A block of materialwith theweld in the middle is first removed

andthenflat specimens(0.5ramthick and2ramwide) arecut, parallel to theweld, from

thebasemetal,HAZ andweldmetalusingasparkerosioncutting technique.Tensiletests

arecarriedout on a screw-drivenuniversaltestmachineandspecialloading,usinghigh

strengthpinsat thespecimenshoulders,is introduceddueto thesmallspecimensize.The

microtensiletechniqueis then verified by comparingthe stress-strainresponseof base

metal microsampleswith the responseof standardsize roundbasemetal samples.Rak

and Treiber [32] studythe local strengthvariations in SAW (submergedarc weld) in

steels.Miniaturetensilespecimensmachinedfrom different locationswithin theweld are

testedin orderto comparelocal materialpropertieswith basemetaldata.Von Strombeck

et al. [33] examinedthe local mechanicalpropertiesof FSW in 2xxx, 5xxx, 6xxx and

7xxx seriesalloysusingmicrotensilespecimensmachinedfrom thevariousweld zones.

The ability of the microtensile technique to provide the local stress-strain

responsefrom heterogeneousstructuresis an obviousbenefit.However,the technique

hassomedrawbacks.The techniqueis destructiveand a completedescriptionof the
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property gradientsassociatedwith a heterogeneousstructure involves multiple tests.

Specimen preparation requires specialized equipment, operator skill and time, and if very

high property gradients exist in the weld there may be no guarantee that the specimen is

homogeneous. Special fixturing is also needed for loading and gripping in order to avoid

damaging the specimen and in some instances special methods for strain measurement

must be employed.

2.3.2 Instrumented Ball Indentation

Hardness measurements are widely used as a measure of a materials resistance to

plastic deformation. The small size of typical indenters is well suited for determining a

qualitative picture of material property gradients in heterogeneous materials. This is the

premise behind the development of an automated ball indentation (ABI) technique for

determining the mechanical behavior of heterogeneous materials.

According to Mathew et al. [34], the ABI technique is based on the initial work of

D. Tabor in which the correlation of spherical indentation hardness and strain with

uniaxial tensile results is developed. The correlations are founded on the assumptions that

the monotonic true stress-true plastic strain curves from tension and compression tests are

similar; indentation strain correlates with true plastic strain in uniaxial tension; and mean

indentation pressure correlates with true flow stress in uniaxial tension. The technique

involves a series of indentation cycles, loading followed by partial unloading, made at a

single location and the corresponding measurement of load and penetration depth.

Elasticity and plasticity theories, in conjunction with semi-empirical formulas describing

material behavior under multiaxial indentation loading, are then used to calculate the
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incrementalstress-strainvaluesfrom the load-depthdata.Mathewet al. [34-36] employ

the Stress-StrainMicroprobe (SSM) system,basedon the ABI technique, for fully

automateddeterminationof materialpropertiesin steel,molybdenumandasuperalloy.

Mechanicalpropertygradientsin steelwelds were determinedby Murty et al.

using the ABI techniqueto investigatethe degreeof embrittlementin rector pressure

vessels[37]. Testsareconductedover a wide temperaturerangeandthe ABI resultsare

comparedto resultsfrom tensile testson micro-tensilespecimensand correlatedwith

observedmicrostructuralgradients.Malow andKoch [38] andMalow et al. [39] examine

the mechanicalbehaviorof nanocrystallinematerialsusing the ABI technique.Several

grainsizesin nanocrystallineiron, correspondingto different compactionparametersand

annealingtemperatures,aretestedto determinetheeffectof grainsizeon the tensileand

compressivemechanicalbehavior.A similarstudyby HuberandTsakmakis[40] outlines

the useof neuralnetworksin determiningmaterialconstitutivepropertiesfrom spherical

indentationdata. Hysteresisloops in the indentation load-depthdata are used as a

measureof material hardeningand associatedwith material constitutive parameters.

Neural networks are then used to solve the inverse problem of determining the

constitutiveparametersfromtheload-depthdata.

Techniquesemployingsphericalindentationdataare relativelynon-destructive;

they can be fully automated;and provide a method for determiningpoint-to-point

variations in mechanicalproperties.The techniquedoes requireseveralassumptions

involving materialbehaviorand the relationshipsbetweenindentationstressand strain

anduniaxial tensilestressandstrain,aswell assemi-empiricalformulasfor determining

the true stressand true strain values. In addition, residual stresses,which may be

15



significant in welded materials,are not accountedfor. Dependingon the magnitude,

variationandsign,eithertensileor compressive,residualstresseswould greatlyaffectthe

indentationresponseof thematerial.

2.3.3 Weld Thermal Simulation

An alternativeapproachto testingsmall volume samples,such as weld metal,

HAZ materialetc., is to developa techniquefor creatingbulk materialthat simulatesthe

actualmaterial.The weld thermalsimulation methodrelieson the ideathat thewelding

processessentiallyproducesthe variousweld zonesthroughdifferent heat treatments.

Therefore,using temperaturemeasurementsfrom the actual welding process,thermal

cyclescanbedevelopedandusedasguidelinesto createsimulatedweldmaterials.

The basic assumptionin weld thermal simulation, according to Zuniga and

Sheppard[41] is that if the real and simulatedmaterialshave matchinghardnessand

grain sizes,then the mechanicalresponseswill match.ZunigaandSheppardutilize the

thermal simulation technique in determining the HAZ constitutive properties for

resistancespot-welds in steel. Simulated HAZ material is created using the same

resistancespotwelderthatcreatedtheactualweld. Usinga modifiedelectrode,simulated

samplesarecreatedusinga trial anderrorprocessof weldcurrentandtime combinations.

Samplesaretestedfor microstructureandhardnessuntil thedesiredresultsareobtained.

Tensile specimens,machinedfrom the simulatedmaterial,are testedto determinethe

material response.Hval et al. [42] apply the weld thermal simulation techniqueto

determiningtheconstitutivepropertiesof the variouszonesin an aluminumweldment.

Material simulation wasperformedusing a Gleeble2000 weld thermal simulator and
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followedby hardnessmeasurementsto showcorrespondencewith thereal weld material.

Tensiletestsareperformedon thesimulatedspecimensto developtruestress- truestrain

curvesfor eachmaterial.Wang[43] describesan in situ techniquefor observingdynamic

fracture and damagemicroprocessesusing microtensile specimensmachined from

simulatedweld material.A Gleeble 1500thermal simulator is used to simulate the

coarse-grained heat affected zone (CGHAZ) material found in high strength low alloy

steel welds. Tensile tests are performed in a scanning electron microscope outfitted with a

tensile platform and damage and fracture processes are recorded on photographs. A

similar study on the CGHAZ material of steel welds by Rak et al. [44] is used to examine

the effect of welding on material toughness. The simulated material is made using a

Smitweld thermal cycle simulator. Subsequent tensile tests are run to determine

mechanical properties and material toughness is measured using Charpy impact and

CTOD tests.

Thermal simulation provides bulk material [or mechanical testing thereby

eliminating the need tbr specialized machining and cutting. However, the technique does

require thermal simulation machines and detailed information regarding the thermal

history associated with the welding process in order to develop the proper thermal cycles.

In addition, each sample must be examined for microstructural characteristics and

hardness values to determine whether or not the simulated material matches the real

material. This often results in a trial and error process of simulation and examination until

the desired results are obtained. Furthermore, in relation to the applicability of this

technique to friction stir welding, the microstructures produced by friction stir welding
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result from both mechanicaland thermal cyclesand may not be reproduciblesolely

throughthermalsimulation.

2.3.4 Digital Image Correlation Technique

The technique proposed in this study is designed to provide an accurate, efficient

and relatively fast method for determining the local constitutive behavior of

heterogeneous materials from a single transverse tensile test using digital image

correlation and numerical modeling. It is a continuation and development of previous

work by Reynolds and Duvall [45] on the determination of weld and base metal

constitutive behavior using digital image correlation. Motivation for the development of

this technique arises from the obvious effects of local property gradients on global

mechanical behavior and from the need to understand and accurately predict the

mechanical response of heterogeneous materials.

The proposed method relies on an image analysis technique to determine full field

displacement measurements as a function of global applied tensile loading. Digital image

correlation (DIC) is an optical, full field displacement measurement technique that has

been used to successfully measure surface displacements in homogeneous materials [46-

48]. As the name suggests, DIC involves comparing digital images to determine the

relative displacement of surface features between "un-deformed" and "deformed' images.

Different "gray levels" represent surface features in the digital images and in order to

obtain correlatable images the specimen surface must have sufficient contrast. This is

accomplished by the application of a random speckle pattern using black and white spray

paint. The task of correlation amounts to comparing "subsets", small windows within the

18



digital images, to determine the relative displacement between deformed and un-

deformed states and requires a method of error measure for gray level comparison and a

search method to define a unique pattern of comparison [49].

Cross correlation, a standard method of error measure used in DIC, uses a

correlation function to provide an error measure between 0 and 1 with 0 representing a

best match [47]. A typical correlation function is shown in Eq. (2.1):

Ou 0u Ov 0v

S(x, v,u,v,--,- ,by )-" 0x 0v'0x .

__

(Z Gray(x, y),,,,,,_,i,,,,,,,,,* Z Gray(x', y'),,_,, ......., )_/Z Gray(x, y)2,,,.,,','r,,,,'; * Z G ray(x', y')'-,,,'t,.r,,,,'J

(2.1)

where Gray(x.y)u,d_t,,,,,_a and Gray(x',y')d_t,,rmca refer to the gray levels of a pixel in the

Ou 0u by Ov

undeformed and deformed images, respectively; u, v, 0x' _)y "0x' 0y are the deformation

parameters: and (x,y) and (x',y') are coordinates related to the deformation the object

experienced between acquisition of the undcformed and defornlcd images. In order for

the displacement measurements to have any physical meaning, a relationship between the

change of intensity patterns and the deformation of the real object must be assumed [50].

The assumption states that each subset in the deformed image is related by a

homogeneous linear mapping to a subset of the same size in the undeformed image and

also that the subsets deform as the actual object deforms as long as the motion of the

object is parallel to the image plane. The linear relationship between the deformed and

undeformed subsets is given by Eq. (2.2):
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where (x',y') and (x,y) are the deformed and undeformed position, respectively, of an

arbitrary point; u and v are the displacements of the subset center and Ax and Ay are

distances from the subset center to the arbitrary point.

Based on the description above, the goal of image correlation is to determine the

deformation parameters that minimize the correlation function, which requires a search

method. Early techniques employed a coarse-fine search method that tried many possible

combinations of the deformation parameters within a given range and compared the result

for each combination. This method, however, was computationally expensive due to the

large number of calculations required. A much more robust technique utilizing the

Newton-Raphson method involves the calculation of corrections for initial guesses in an

iterative process that greatly improves convergence and reduces computational costs [47 ].

By correlating numerous points in an image, a displacement field for the image

can be produced. The process is automated by the use of software, which was developed

at the University of South Carolina. The software allows the user to define the subset size

and correlation area, among other things, based on the un-deformed image. Therelbre,

correlation is limited to surface features that are present in all images.

Digital images of a specimen are acquired before (un-deformed) and during

(deformed images) the tensile test at specified intervals of global applied load or

specimen strain using an image acquisition system. Each deformed image is correlated

with the un-deformed image and the displacement field is determined. Once the full field
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displacementsare known, full field strain data may be determinedin any numberof

ways.ReynoldsandDuvall [45] useasimplemethodof fitting apolynomial functionto a

plot of the displacementversusposition in the loadingdirection for a particular line of

intereston the specimen.The first derivativeof the fitting function with respectto the

loading axis determinesthe strain in that direction, the normal strain in this case.An

alternativemethodinvolves fitting a surfaceto the u, v displacementfield and then

computingthegradientsof thedisplacementsto determinethenormalandshearstrainsat

anychosenlocation.ReynoldsandLockwood [51] demonstrate this method in examining

the full field strain development of friction stir welded aluminum alloys under uniaxial

tension.

In order to construct the stress-strain response using the proposed technique, a

simplifying assumption must be made regarding the loading conditions. For a

homogeneous material with constant cross-section under uniaxial loading, the applied

load, and hence stress, is the same at every cross-section, perpendicular to the loading

direction, within the material. However, for heterogeneous materials the local stress is not

necessarily constant at every cross-section if property gradients exist such that every

cross-section normal to the loading direction is not homogeneous, as is the case with

welded structures. Therefore, the assumption that must be made is that the material is

treated as a composite material undergoing a nominally iso-stress loading condition.

Using this assumption the engineering stress, calculated from the global applied tensile

load and original cross-sectional area, is known at every specified load or strain interval

and is constant at every location within the specimen. Stress-strain curves are then

constructed by extracting the local strain and global stress data, at each interval, from
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virtually anypoint of interest.Oncethematerialbehavioris determined,relevantmaterial

propertiessuch as elastic modulus, yield strength and tensile strength are readily

obtainable.Thesepropertiescan thenbeexaminedasa function of positionwithin the

materialandeventuallyrelatedto thematerialmicrostructure.

Theproposedtechniquedisplaysmanyadvantagescomparedto theothermethods

describedabove.The potential for detailed local strain analysisat any point in the

material is limited only by thespatial resolutionof the imagingsystemandthe applied

specklepattern.In contrastto weld thermalsimulation,thereis no uncertaintyregarding

whether the materialbeing tested is representativeof the real material becausethe

materialbeing testedis the real material.Sincematerialbehavioris determineddirectly

from tensiletesting,noprior knowledgeof materialpropertiesis requiredas in the ABI

technique.Finally, in contrastto themicro-tensilemethod,all the necessaryinformation

for obtaining the local constitutive behaviors of a heterogeneousmaterial may be

determinedfrom asingle transverse tensile test.

As with any experimental technique, there are some associated disadvantages.

The loading condition must be assumed to be iso-stress in order to construct the stress-

strain curves from the global applied load. Therefore, the accuracy of the measured

constitutive behavior is determined by the degree of non-homogeneity at all cross-

sections to which the load is applied. In addition, the strain range over which the

constitutive behavior of a particular region is measured is limited by the strength of the

weakest region.
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2.4 Modeling

Analytical and numerical models play an important role in the study of many

physical problems, especially in the area of welding. Models are used as tools to gain

insight into the physical processes of the problem being studied that would otherwise be

too costly or impossible to obtain through experimental procedures. In the study of

welded components, much of the current work is involved in failure analysis and in the

determination of the mechanical properties of the various zones that comprise a weld.

Several studies have been performed regarding the effect of yield strength mis-

match on the fracture behavior of welds that incorporate both analytical and numerical

models. Hao et. al. [52] and Kim and Schwalbe [53, 54] examine the effect of yield

strength mismatch in the determination of the limit load, which is an important parameter

in estimating crack driving force, for several specimen geometries containing an idealized

weld and a crack. In their analyses, the weld is viewed as a bi-material system consisting

of elastic-perfectly plastic base and weld materials. Analytical solutions for the limit load

of several specimen geometries are developed using slip-line field analysis and cornpared

with 2-D and 3-D finite element solutions.

Hval et al. [42] studied ductile fracture in aluminum welds using finite element

models that incorporated a micro-mechanics model for simulating growth and

coalescence of microvoids. Two-dimensional and 3-D models are used to simulate the

transverse tensile response of an aluminum weld containing base material, weld metal

and tour HAZ materials arranged in series. A user-defined subroutine is used to define

the material behavior demonstrated by experimental results of thermally simulated tensile

specimens. The axisymmetric model employs a non-uniform mesh to approximate the
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orientationof theweldmetal/basemetalboundary,a reduceddiameteraroundtheweld to

insurenecking,andcontainsagrip sectionattheedgeof thegagelength.

Matic and Jolles [55] examine failure prediction in steel welds using finite

elementanalysisandcritical strainenergydensityconcepts.Theydescribea 2-D model

of a transverselyloadedsteelweld consistingof basemetal,weld metal and four HAZ

materialsarrangedin series.Basemetal and weld metal behavioraredeterminedfrom

tensiledataon the respectivematerials,while the differentHAZ materialbehaviorsare

constructedfrom basemetaldata.

Local materialpropertieswithin the heataffectedzoneof a resistancespotweld

are determinedby Zuniga and Sheppard[41] using finite elementanalysis.A 3-D,

axisymmetric model is constructed for extracting flow curves from notched-bar

transversetensiletestdata for thermally simulatedweld metals.An iterative correction

procedureis developedto adjustthe uniaxial tensilestressto compensatefor thetriaxial

stressstateassociatedwith necking.Models of the simulatedmaterialscontainedtwo

materialzones;onemodeledaslinearelasticandtheothermodeledaselasticplastic.

The numericalmodeling componentof the proposedtechniqueservesa dual

purpose.A certainamountof error, associatedwith the iso-stressassumption,is to be

expectedin the material propertiesdeterminedusing this technique.Finite element

analysis is used to verify these propertiesby providing a tool lbr simulating the

mechanicalbehaviorof a materialwith known properties.The heterogeneousmaterial is

modeledusingthemeasuredpropertydistributionsandthe simulatedtensile test is run.

Model results,in termsof local and global mechanicalresponse,arecomparedto the

experimentallydeterminedresultsto gaugetheaccuracyof the measuredpropertiesand
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demonstratethe modelspredictivecapabilities.Oncethe materialpropertieshavebeen

accuratelydetermined,the model thenbecomesa predictive tool that may possiblybe

usedto examinea numberof interestingtopics.Suchtopicsmayincludestudieson the

effectsof varyingthe propertygradients,which could be coupledwith microstructural

developmentmodelsto provideinvaluableinformation for processdevelopment;studies

on the effectsof defectson the mechanicalresponse;examinationof the actual stress

state in the vicinity of failure; and the mechanicalresponseunder different loading

conditions.The finite elementmodelproposedin this study is designedto simulatethe

mechanicalresponseof a heterogeneous,transverselyloadedtensilespecimenusingthe

ABAQUS finite elementsoftware.The specific heterogeneousmaterial for which the

modelisappliedisa friction stir weld in aluminumalloy 2024-T351.

The degreeof heterogeneityproducedby the FSW processis evident from the

macrographof the typical FSW specimenshown in Figure 2-2. Material propertyand

microstructuralgradientsexist in the transverseand thicknessdirectionsand there is

noticeablelack of symmetryabout the weld centerline.Therefore,discretizationof the

domain is basedon the desire

distribution associated with

to accuratelymodel the property and microstructure

the FSW sample. Tensile specimen dimensions,

correspondingto the_,a,,e=section,areusedto definethedomainboundaryandauniform

mesh is createdin order to achievethe necessaryresolutionrequired to capturethe

microstructuralandpropertygradientsin theweld.Thematerialbehaviorsassignedto the

variousweldregionscomedirectlyfrom theexperimentallymeasuredmaterialproperties

anddefinetheelasticandplasticresponseof eachmaterial.
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2.5 Summary of Literature Review

A review of the literature has shown that, in the study of the mechanical behavior

of heterogeneous materials, a definite interest and need exists for the accurate

determination of local material properties. This need has given rise to the development of

many techniques designed to provide this information, each of which is applicable to a

particular scale of heterogeneity. For the case of material heterogeneity on a global scale,

which includes structures produced by welding processes, the current techniques used to

determine local material properties include testing of microtensile specimens, testing of

thermally simulated materials, instrumented ball indentation and the proposed image

correlation technique.

The information presented in the literature provides a good description of the

different techniques and demonstrates the advantages and disadvantages associated with

each. Most of the applications of these techniques involve welds and determining the

properties of a few of the weld regions, and in some cases the local results are compared

to experimental results from testing of simulated material or microtensile specimens.

Verifications of the locally measured properties, through simulation of the global

response of the heterogeneous materials, are only demonstrated in a few cases. The finite

element models that do present global behavior display good results, however, the

descriptions of the welds are relatively simple in terms of the number of weld materials

and the weld geometry and comparisons with more detailed models were not provided.

Also lacking in the literature is a comparison of results, for a given heterogeneous

material, from all of the different techniques. Due to the unique nature of the materials
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investigatedandthe specificequipmentrequiredfor the individual techniques,this may

provedifficult to comeby, but it wouldprovidea valuablecomparison.
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Chapter 3 Materials and Experimental Procedures

3.1 AA-2024 T351

In this work friction stir welds in aluminum alloy 2024 T351 have been chosen as

a representative heterogeneous material. This alloy is a precipitation hardened aerospace

material with a nominal composition (wt.%) of 4.4Cu-O.6Mn-l.5Mg-balance aluminum.

Base metal microstructure, shown in Figure 3-1 consists of recrystallized, slightly

elongated grains. The base material is supplied as 9.53 mm thick plates in the T351

condition, a temper in which the material is solution heat treated, stretched and naturally

aged. Base metal mechanical properties are listed in Table 4-1.

3.2 Welding Procedure

All welded specimens used in this study were produced at the University of South

Carolina on either a vertical milling machine or on the FSW Process Development

System (PDS), a "'milling" machine designed specifically for friction stir welding by the

MTS Corporation. The vertical mill is a standard milling machine with a tilting head

capability, 15 HP spindle motor and manual and automatic x, y, z controls. This setup

enables welds to be made in displacement control only, meaning that the FSW tool is

fixed at a constant position throughout the welding process.
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Figure 3-1 AA 2024 Base metal microstructure.

The PDS is a compttter controlled friction stir welding machine equipped with z-

axis load cell, tilting head capability and a complete data acquisition system. This setup

allows operation in either displacement or load control and allows for much greater

control and feedback of process variables. Regardless of which machine was used, the

process parameters were consistent in producing welds of equal quality and

characteristics. A single FSW tool was used for all of the welds. The FSW tool, fashioned

from oil hardened tool steel, has shoulder and pin diameters of 25.4 mm and 10 mm

respectively (see Figure 3-2).
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Figure 3-2 Friction Stir Welding Tool.

Weld preparation for both machines was identical and is described below. The

mill table contains a recessed section to hold the steel backing plate used to constrain the

material from flowing out the bottom of the weld, several T-slots used to hold the

clamping fixtures, and centering pins to act as guides for plate alignment. Prior to

welding, the original plates were machined to a nominal thickness of approximately 8.1

ram. The two plates to be welded were cleaned with a de-greaser and placed on the

backing plate in a butt-weld configuration. Using a scrap block of material, the tool was

firmly seated in the milling chuck by applying suitable pressure to the shoulder surface.

The tool pin was centered on the joint line at one end and traversed the length of the weld

to ensure proper alignment of the plates. Clamps, spaced evenly along the length of each

plate, were tightened with a torque wrench to apply sufficient restraint so that the plates

did not move during welding. For a given tool, the depth of shoulder penetration

determines the forging pressure. The forging pressure controls the weld consolidation

between the pin and backing plate and hence the type of weld produced, either full or
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partial penetration.Shoulderpenetrationwasset prior to welding usinga feelergageto

fix thepin/backingplateclearance.

Theweldsproducedfor this studywereall singlepassweldsmadeusingthetool

and setupdescribedabove.Tool-to-workpieceanglewas fixed at 2.5°, and the spindle

speedand feedrate, measuredin revolutionsper minute(RPM) and inchesper minute

(IPM) respectively,areselected.The labelingschemesfor the welds in this investigation

werebasedon thespecificweldenergyor energyperunit weld length(EPUWL)required

to makethe weld. For example,a set of parametersis chosento makethe baseline,or

"nominal" weld, and then the parametersare changedaccordingly to producehigher

energyinput ("hot") or lowerenergyinput ("cold") welds.The welding schedulelisting

theactualweld parametersis showninTable3-1.

Oncethesetupwascompleteandtheparametersset,therotatingtool wasplunged

into the joint at one end of the plates.Plunging was done slowly to avoid possible

damageto the tool and allow for sometemperatureincreaseto develop in material

surroundingthepin asa resultof frictional heatingbetweenthe pin andthe work. When

thedesiredshoulderpenetrationwasreached,thetool wastraversedalongthejoint lineat

thesetfeedrate.After welding,thetool wasremovedfrom thework andtheclampswere

removed.Eachweldswastheninspectedfor visible flawsandlabeled.
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IPM EPUWL (J/mm)Weld Designation Weld Number

Nominal 172

Hot 180

Cold 219

Table 3-1

RPM

360

360

215

4 7/16 1143.848

2 5/8 1940.998

7 11/16 967.750

Weld schedule for AA 2024 Friction Stir Welds

3.3 Mechanical Testing

The mechanical testing carried out during this study consisted of tensile tests that

either did or did not include the simultaneous acquisition of images for the DIC tests.

Although the test equipment was the same in both cases, the preparation and procedures

tbr the non-DIC and DIC tensile tests were different and are described below.

3.3.1 Non-DIC Tensile Testing

Standard size transverse tensile specimens [56] were machined from the welded

plates for testing in a 100-kN servo-hydraulic universal test machine. These dogbone

specimens were 210.82 mm long with a gage length of 58.42 mm and a gage width of

12.7 mm. A fillet radius of 12.7 mm was used for the transition to the gage section. All

specimens were made with the weld centered in the gage section and oriented so that the

load was applied normal to the welding direction.

A PC based data acquisition system was used to control machine operation and

data recording. The control and acquisition software was written using LABVIEW, and

the inputs and outputs from the computer to the test machine were connected through a

BNC board. Three input channels, corresponding to load, displacement and strain were
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monitored throughout the test. All tests were performed at ambient temperaturein

displacementcontrol with a nominal,initial strainrateof 10.3s 1. Global specimen strain

was measured directly with a 25.4 mm gage length extensometer.

Non-DIC tensile tests were performed in the following manner. (1) The cross-

sectional dimensions are measured. (2) With the machine running, the specimen is placed

in the spring-loaded grips. (3) The extensometer is attached to the through-thickness

surface of the specimen such that the extensometer gage length spans the width of the

weld. (4) The strain transducer is zeroed and (5) the test is started. (6) Load, displacement

and strain data are recorded continuously until the specimen fails and the test is

completed.

3.3.2 DIC / Tensile Testing

The DIC tensile test procedure involves some specimen preparation and a second

acquisition system for recording images, but otherwise follows the same procedures as

the non-DIC tensile test. (1) The specimen is measured for cross-sectional dimensions

and then prepared t\_r application of the speckle pattern by cleaning and drying the

surface to be viewed. (2) A background coat of white spray paint is applied, completely

covering the surface, and then followed by an over-spray of black paint. The scale of the

pattern depends on the spatial resolution desired and hence, the magnification used to

view the pattern. (3) Two marks are placed on the specimen using a permanent marker,

typically at the edges of the weld representing the shoulder diameter, to indicate the

image magnification.
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The imageacquisitionsystemconsistsof a black and white, 8-bit CCD digital

camerawith a 768x484 pixel sensorarrayand 200 mm telephoto lens mounted on a

tripod equipped with translation stages, and a PC with imaging software for recording the

images (see Figure 3-3). The camera is positioned as far away from the specimen as

possible to maximize the working distance and minimize the effects of out-of-pane

motion. In each test the camera is oriented with the long axis of the image corresponding

to the length of the specimen, thereby maximizing the available field of view. The

prepared specimen is placed in the grips and the camera is positioned so that the image

contains the desired field of view. All specimens are placed in the grips so that loading

and orientation in the images is consistent between tests.

Figure 3-3 Mechanical testing lab with data and image acquisition systems.

Due to the nature of the DIC test, namely the measurement of in-plane surface

displacements, the line of sight of the camera must be normal to the specimen surface. By

viewing the live image of the specimen, the misalignment is determined by the amount of

34



specimen visible in the depth direction (i.e. normal to the image plane, see Figure 3-4)

and then corrected by rotating the tripod and translating the camera. Once the camera and

specimen are properly aligned, the initial, "un-deformed" image is captured. In order to

maintain as much of the original field of view as possible during the test, a landmark is

chosen at the center of the image and kept roughly in its original position by translating

the camera, in a direction parallel to the motion of the landmark, when necessary. The

tensile test is started and the subsequent "deformed" images are captured at specified load

or displacement intervals until the specimen fails or the speckle pattern breaks down.

Global specimen strains are determined from the measured displacement fields.

Figure 3-4

Image Plane -I

a ....

L L
Image Plane [

h

Camera-Specimen Alignment. (a) Aligned, (b) Misaligned

3.3.3 Full Thickness and Reduced Thickness Specimens

One of the major benefits of the proposed technique described previously is the

ability to obtain local constitutive data from a heterogeneous material using a single

transverse tensile test. In the development of this technique, however, it was necessary to

examine two different specimen configurations; full thickness and reduced thickness
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specimens. Although the specimen thickness varied between the two configurations, in

both cases the entire weld region was maintained so that each specimen contained all of

the various weld zones.

In order to completely capture the local effects associated with the heterogeneous

material from a single test, full size or full thickness specimens were required. Full size

refers to the dimension corresponding to the plate thickness and, hence, these specimens

included both the top (crown) and bottom (root) of the weld. Standard dogbone

specimens were machined from each weld, with a transverse orientation as shown in

Figure 3-5.

As a part of the requirement to justify the iso-stress assumption used in the

technique, reduced thickness specimens were machined from full size nominal weld

specimens to provide a more accurate representation of the iso-stress loading condition.

The goal was to reduce microstructural gradients from the top to bottom of the specimen,

thereby improving the chances of obtaining true homogeneous cross-sections throughout

the specimen. Three reduced thickness specimens were machined from full size

specimens at locations near the top, middle and bottom of the weld as shown in Figure

3-6. Due to the undermatched nature of the welds, which implies the weld strength is

lower than the base metal strength, straight-sided specimens were used rather than

dogbones without the danger of failure outside the gage length.
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Figure 3-6 Reduced Thickness Specimens.
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3.4 Data Reduction

3.4.1 Image Correlation

The undeformed and deformed images are loaded into the image correlation

software. As mentioned previously, the undeformed image is the reference in the

correlation process; therefore, the region to be correlated (termed AOI, for area of

interest) must be present in all of the deformed images. Subset size and step size are

chosen, based on the scale of the pattern, so that each subset contains a sufficient number

of features and so that the desired spatial resolution is achieved. The AOI is selected in

the undeformed image as shown in Figure 3-7. An initial guess is provided by the user for

each undeformed / deformed image pair by manually selecting a feature in the

undeformed image (seed point) and locating the same feature in each deformed image.

The initial guess is used to speed up the correlation process by reducing the number of

iterations required to minimize the correlation function (i.e. find the best match). After

the best match is found for a particular subset, the displacements (u,v) of the subset

center are returned, the next subset is stepped, relative to the previous one, using the step

size and the correlation process is repeated until all the subsets in the AOI have been

correlated. The resulting displacement fields are smoothed and then post-processed to

determine the full field strains.
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Figure 3-7 Image correlation process showing selected area of interest (AOI),
subset location in un-deformed and deformed images, and the resulting

displacement field.

3.4.2 Strain Determination

The output files from the image correlations contain the smoothed u and v

displacement fields. Each file is post-processed using a program that fits a surface to the

total displacement field and computes the gradients of this surface. The displacement

gradients on the surface correspond to the strains in any chosen direction and so the

normal and shear strains are obtained at each position in the AOI.

A common reference system must be created to relate the image coordinates to

the positions in the actual weld so that comparisons can be made between strain data and

other results, such as hardness or model simulation data. Image magnification in the x-

direction (pixels/mm), determined by dividing the distance, in pixels, between the two

marks placed at the edges of the weld by the known shoulder diameter, in ram, is used to

convert image coordinates from pixels to ram. Similarly, the magnification in the y-
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direction is determinedby measuringthe specimenthickness,in pixels, anddividing by

the knownthickness,in ram. The weld centerline is chosen as the common reference and

the strain data is altered so that the origin of the abscissa corresponds to the location of

the weld centerline in the image. Absolute position in the thickness direction can be

determined by noting the coordinate position of the data relative to the coordinate

position of top or bottom of the weld in the image and making the appropriate

conversions.

3.4.3 Stress Mapping

One of the major assumptions underlying the proposed technique is that loading

of the heterogeneous material in question may be approximated by an iso-stress

condition. This assumption is required so that the global stresses may be mapped to the

local strain data measured using the image correlation technique. The iso-stress concept

may be understood by considering the uniaxial loading of an idealized heterogeneous

specimen, of constant cross-section, comprised of different layers of material arranged in

series as shown in Figure 3-8. When the specimen is loaded such that the force acts

norrnal to the cross-sectional area of each material (Figure 3-8(a)), i.e. the cross-section

normal to the force at any point in the specimen is comprised of a homogeneous material,

then the loading is considered iso-stress. The alternate scenario, termed iso-strain, occurs

with the loading and orientation shown in Figure 3-8(b). In this case, each material in the

heterogeneous body experiences the same strain. The idealization that uniaxial loading

transverse to the friction stir weld represents an iso-stress condition provides the
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necessary approximation for determining the local stresses based on the globally applied

loading.

(al Iso-Stuess Loadin9

F
F

Figure 3-8 Idealized loading conditions of a heterogeneous body. (a) iso-stress

and (b) iso-strain.
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Chapter 4 Experimental Results and Discussion

The mechanical response of friction stir welds in aluminum alloy 2024 has been

examined experimentally using standard tensile testing procedures and digital image

correlation. Several specimens, corresponding to different welding conditions and

specimen types, were used to determine both the local and global responses and also to

study the validity of the iso-stress assumption. The individual cases examined include full

size specimen testing of the n_)minal, h¢)t and c(_Id welds and reduced thickness specimen

testing of the m)minal weld. Results for each case considered are separated into global

response, local response and local constitutive behavior.

The global response for the individual welds is presented in terms of the overall

stress-strain response. Although the intent of this study is not to provide a detailed

account of the effects of welding parameters on the global mechanical response of

friction stir welds, the global behavior is needed to demonstrate the viability of the

proposed technique and provide one measure of comparison for the numerical model.

Information provided by the global response is useful in terms of gauging the

overall quality of the weld, however, due to the local interactions occurring within the

heterogeneous material nothing of substantial importance can be determined that would

lead to insight into the relationships between process parameters and weld performance.

This type of information can only be determined through investigation of the local
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behavior. Again, it is not the intent here to provide correlations between process

parametersandweld performance.The focusesof the investigationinto localmechanical

behavior are threefold:(1) Provide a meansfor determiningthe materialdistribution

within the weld. (2) Provide the necessaryinformation for extracting the local

constitutivebehaviorof the variousweld materials.(3) Providea measureof comparison

for thenumericalmodel.

The primarygoalof this studyis the accuratedescriptionof the localconstitutive

behaviorof heterogeneousmaterials.Togetherwith materialdistribution datamentioned

above,this informationprovidesthe foundationfor the developmentof the numerical

model.The constitutivebehaviorfor the variousweld materialsis presentedin termsof

thestress-strainresponse.

4.1 Global Mechanical Response

Using the procedures outlined in Section 3.3.1, standard full size specimens for

each of the three welds were tested to determine the overall responses. The stress-strain

responses for the re)mired, hot, and cohl welds are shown together with the all base metal

response in Figure 4-1.

A standard metric for judging the quality of a weld is the joint efficiency. The

joint efficiency provides a means for comparing various material properties of the global

weld response with associated material properties of the base material. Common

properties used in this type of comparison are yield strength, ultimate strength and total

elongation. These material properties and the corresponding joint efficiencies for the

nomimtl, hot and cold welds are found in Table 4-1.

43



Base Metal

Nominal Weld

Hot Weld

Cold Weld

,:) 0. <}5 O. 1 O. 15
C"

_'e I'[ '-9"

Figure 4-1 Global stress-strain responses for AA 2024 Base metal and AA 2t)24

Friction Stir Welds.

Material

Base

Nominal Weld

Hot Weld

Cold Weld

0.2% Yield Strength (Mpa)

380

272 (72%)

255 (67%)

286 (75%)

UTS (Mpa)

490

426 (87%)

401 (82%)

425 (87%)

Total Elongation (%)

17

8.6 (51%)

6.4(38%)

7.9 (46%)

Table 4-1: Material properties for AA 2024 Base material and Friction Stir Welds.

Joint efficiencies are shown in parentheses.
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The properties for the welds listed in Table 4-1 should be clarified to avoid any

confusion regarding performance. The yield strengths are determined by the intersection

of an offset line and the stress-strain curve, where the offset line originates at a strain

value of 0.2% and has a slope equal to the elastic modulus of the material. Yield strengths

defined this way for homogeneous materials are then representative of the onset of

yielding in the material. For heterogeneous materials, however, yield strengths defined

this way are misleading because they do not account for localized yielding in the lower

strength constituents, where strains may be significantly higher than the 0.2% global

strain level. Therefore, the values listed for the welds are fictitious in that they

overestimate the stress at which actual yielding occurs. Unfortunately, there is no way to

determine the stress corresponding to local yielding from the global stress-strain curve so

these values must suffice for making quantitative comparisons with base metal values.

In addition to the yield strengths, the total elongations listed are not entirely

indicative of the heterogeneous welds. Compared to the base metal, the total elongations

of the welds suggest that they behave in a brittle manner. What is not revealed by this

global description, though, is the presence of localized regions within the weld that

experience significantly higher strains than those listed in Table 4-1. Again, this

information is not available from the global stress-strain curve so the global values are

used for comparison purposes.

In terms of joint efficiency, given as a percentage of the base metal values, all of

the welds exhibit good yield strength, ultimate strength and ductility. However, there is a

noticeable difference between the responses of the welds and that of the base material.

Due to the thermal cycles and mechanical deformations experienced during welding, a
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heterogeneousmaterialconsistingof severalmicrostructuralregionshaving mechanical

propertiesdifferent from the parent materialexists. It is the local material properties

within theweld thatgoverntheglobal responseof thetransverselyloadedweld. Muchof

the currenteffort in the areaof analysisof weldmentsfocuseson the effectsof yield

strengthmismatch,arising from variations in parentmetal andweld properties,on the

mechanicalbehaviorandfractureof weldedjoints [52-54].

The thermal and mechanicaldeformation cycles accompanyingthe welding

processcreategradientsin microstructureandpropertiesthat areobservablein both the

transverseandthrough-thicknessdirections.It is thethrough-thicknessgradient,evident

from thecrown of theweld to the root of the weld, which is the primaryreasonthat the

iso-stressassumptionis simply anapproximation.The validity of this assumption,as it

wasstatedearlier,is examinedby testingreducedthicknessspecimens.

Threespecimenswere machinedfrom full thickness,nominal weld specimens,

corresponding to locations near the top, middle and bottom of the weld, and tested using

the procedures outlined in Section 3.3.2. The global responses for the three reduced

thickness specimens are shown in Figure 4-2 along with the full thickness nomimtl weld

response. Since an extensometer was not used to measure global specimen strains

directly, these values were determined from the measured displacement data obtained via

image correlation. Using the magnification markers placed on the specimens, the DIC

data was processed to convert the image coordinates to actual specimen coordinates. In

this manner it was possible to construct an artificial gage length, consisting of two points

located on either side of the weld centerline and 25.4 mm apart, for direct comparison

with the strains measured by the extensometer.
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Figure 4-2 Global stress-strain response for the AA 2024 Nominal FSW. Top,
Middle and Bottom refer to reduced thickness specimens machined from full

thickness nominal welds.

Although the through thickness gradients were not completely eliminated by

reducing the specimen thickness, the effect of reducing them is noticeable in the global

response of the reduced thickness specimens. Yielding is fairly consistent among all of

the specimens and the post yield behaviors all show the same trends. Global stress levels

and ductility, however, drop according to specimen location relative to the full thickness

weld. The top specimen demonstrates higher stress levels and ductility overall while the

bottom specimen demonstrates minimum stress levels and ductility and the middle

specimen falls in between.
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It is possible that a qualitative understanding of these results, and the results

shown for the full thickness specimens, may be provided by a simple rule of mixtures

approach. Neglecting the locally defined zones in the FSW macrograph shown in Figure

2-2, the weld possesses a general V-shape that is typical of many welding processes.

Microhardness provides a qualitative description of a materials resistance to plastic

deformation and several studies conducted on the mechanical properties of friction stir

welds in various aluminum alloys [57-60] have shown that microhardness variations in

the transverse direction, spanning the width of the weld, exhibit a typical W-shape as

seen in Figure 4-3.
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Figure 4-3 Microhardness profile for the Nominal FSW. Note the W-shape.

48



This microhardness profile was taken from a nominal friction stir weld in AA

2024, midway between the crown and root of the weld, and shows the typical

characteristics of high hardness in the nugget region accompanied by hardness minima in

the adjacent heat affected zones and a return to base metal hardness outside of the weld.

Similar profiles taken from near the top and bottom of the weld show the same shape, but

the hardness minima are shifted towards the weld centerline moving from top to bottom

and the widths of the nugget and heat affected zones decrease moving from top to

bottom.

A simplified view of the weld as a composite, based on the hardness profile, is

shown in Figure 4-4. There is a medium strength region (nugget) in the center of the weld

bordered on each side by a low strength region (HAZ), which is in turn bordered by the

high strength base material. Considering the V-shape of the weld and the variation in size

of the different zones from the top of the weld to the bottom, it is clear that the relative

amounts of the constituents vary between the three reduced thickness specimens.

Qualitatively, the rule of mixtures is a method that can be used to examine

characteristics of the response of a composite material based on tile volume fractions of

the constituents [61]. It basically states that the composite behavior will fall somewhere

between the behavior of the individual components. Since the friction stir weld is

undermatched with respect to the base metal strength, the tensile response of the

heterogeneous specimen is almost solely governed by the weld and is, therefore, related

to the relative amounts of the materials comprising the weld.
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To demonstratethe useof the ruleof mixtures,considerthetransverseloadingof

thecompositeFSW.Assumingiso-stressloadingconditions,the stressin the composite

isequalto thestressin eachcomponent:

G c = GHAZA = GHAZR = GNugget = (YBase (4.1)

where HAZA and HAZR refer to advancing and retreating side heat affected zones,

respectively. The total change in length of the specimen is given as the sum of the

changes in length of the individual components:

ZXLc = AI.B + ALHAZA + ALNugget + ALHAZR (4.2)

Since the change in length is related to the strain by k J_, = e* L, the composite strain

may be written as

LB , LHaz_x , L v,,v_,', , LHAZR
Ec -- _B *" -- + EHAZA _ +- ENugg et ' + 8HAZR " (4.3)

L L L L

where L_ is the length of the component and L is the total composite length. When the

cross-sectional dimensions are constant, the line fraction li = Li
L

is equivalent to the

volume fraction V i , and the composite strain takes the form:

Ec = £B * t'B + £HAZA * VHAZA + £Nugget * VN,tgget + £HAZR * VHAZR (4.4)

Using this approach the composite response can be estimated from the relative amounts

of the components.

From Figure 4-4 it is clear that the volume fraction of the medium strength nugget

decreases and the volume fraction of the low strength HAZ increases, or remains fairly

constant, from the top to the bottom of the weld. The top reduced thickness specimen

then contains a greater percentage of higher strength material than the middle and bottom
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specimens,respectively,and, conversely, the bottom specimencontains a greater

percentageof low strengthmaterialthan the middle and top specimens.Qualitatively,

then, it could be expectedthat the reducedthicknessspecimensperformedasshownin

Figure4-2.

This sameargumentcan be madefor the full thicknessnominal, hot and cold

weld specimens. The designation, nominal, hot or cold, offers a qualitative description of

the energy input to the weld. In relation to the baseline nominal weld, a hot weld receives

more energy and experiences higher temperatures and the contrary is true for the cold

weld. As demonstrated by the hardness data, the heat affected zone represents a lower

strength material than the nugget. Assuming that the size of the HAZ is directly related to

the thermal cycle experienced during welding and that the size of the nugget is fairly

constant for a given tool, it can be concluded that the hot and cold welds contain a higher

and lower percentage of low strength material, respectively, than the nominal weld.

Referring back to Figure 4-1, the hot weld, in fact, performs worse than the nomimtl and

cold welds. Although the responses of the nomimtl and cold welds are very similar, this is

most likely due to negligible difference in energy input associated with the prescribed

changes in welding parameters, as shown in Table 3-I.

4.2 Local Mechanical Response

A need to study the local mechanical response of a heterogeneous material was

established previously in order to offer some insight into the observed global response

and to provide a means for measuring the local constitutive behavior. Using the

techniques and procedures outlined in Section 3.3.2, the local response of the three
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friction stir weldswasexamined.The resultsarepresentedascontour plots of the full

field strainmeasurementsobtainedvia the imagecorrelationtechnique.The coordinate

systemadoptedfor presentingtheseresultsis slightly different for thefull thicknessand

reducedthicknessspecimens.In both casesthe x-axis is orientedwith the global tensile

loadingaxisandtheassociatedstrainin this directionis labeled£_. For thefull thickness

specimens,they-axiscorrespondsto theplatethicknesswith thecrownof theweld at the

topof eachcontour,andtheweldingdirectionis into thepage.Forthe reducedthickness

specimens,they-axisrepresentstheweldingdirectionandtheplatethicknessis theoutof

planedimension.

Composite View of a Friction Stir Weld

B_e HAZ Nugget HAZ B_se

Top

Hi ddle

Bottom

Figure 4-4 Simplified view of a FSW as High, Medium and Low strength

materials arranged in series. Reduced thickness specimen locations indicated as

Top, Middle and Bottom.
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One of the advantages afforded by the experimental technique is that it can be

used to capture the mechanical behavior at various stages. As a result, a history of the

deformation is obtained that allows for identification and tracking of interesting local

effects. The local response for the nomin_fl weld is shown in Figure 4-5 at three different

levels of global specimen strain. The contour plots show the normal strain (e_) as a

function of position within the weld. At a global strain of 0.5%, corresponding to a global

stress of approximately 267 MPa, strain localizations are evident in the regions

corresponding to the HAZ, with slightly higher localizations occurring on the retreating

side of the weld. In relation to the overall response, this stage is indicative of the onset of

global yielding, which is identified in Table 4-1 as 272 MPa. Note that the strain in the

HAZ is approaching 1%, signifying yielding has already occurred and suggesting that the

stated yield strength is a fictitious yield strength. The remaining regions of the weld

exhibit fairly uniform deformation. Later on in the loading, at global strains of 2.5% and

4.7% and global stresses of 355 MPa and 396 MPa, the strain localizations within the

HAZ have increased in magnitude, however, the specimen continues to strain harden as

indicated by the significant strain development in the nugget and regions surrounding the

HAZ. Beyond roughly 5% global strain, as seen in the global response, the specimen

continues to strain with relatively little increase in load and it could be presumed that the

retreating side HAZ localization became the dominant factor in the specimen failure.

However, since no full field information was collected after the 4.7% strain level and the

specimen actually failed in the nugget, this appears not to be the case. It is possible that

there was a very small defect in the weld, such as a lack of penetration (LOP) detect that

was not observed in the optical microscope, or it may be that the nugget material is too
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brittle to withstandthestrain.Resultsfrom thereducedspecimentests,discussedlater in

this section,seemto indicatetheformer.

The local responsefor thehot weld is shown in Figure 4-6 at global strain and

stress levels of 0.7% (271 MPa), 3.0% (350 MPa) and 5.4% (389 MPa). At 0.7% strain

and 271 MPa, which occurs slightly after global yielding indicated by the 255 MPa yield

stress, localizations are observed in the advancing and retreating side HAZ. These

localizations continue to develop throughout the loading and the retreating side HAZ

localization eventually becomes the dominant factor in failure, as indicated by fracture of

the specimen in this region.

As was the case in both the nominal and hot welds, the cold weld demonstrates

similar characteristics in local response at the early stages of loading, as seen in Figure

4-7. Localization is observed at a global strain of 0.6% and this occurs at a global stress

of 290 MPa, which is very near the yield strength for this weld. An additional localized

region is seen developing near the centerline of the weld at a strain of 2.0%, an effect

usually indicative of a lack of penetration defect. This localized region becomes

dominant, as shown by the response at 3. I% strain, and the specimen fractures through

the nugget. The presence of the defect was not observed in the optical microscope,

however, the fracture surface did show signs indicating this type of defect. It is

interesting to note that although the nugget material experiences highly localized strains,

approximately 17%, the weld continues to strain harden and withstands a maximum

global strain of almost 8.0%.
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Figure 4-5 Local Response in AA 2024 Nominal FSW. The top middle and

bottom plots represent global strain levels of 4.7%, 2.5% and 0.5%, respectively.
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Figure 4-6 Local Response in AA 2024 Hot FSW. The top middle and bottom

plots represent global strain levels of 5.4%, 3.0% and 0.7%, respectively.
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Figure 4-7 Local Response in AA 2024 Cold FSW. The top middle and bottom

plots represent global strain levels of 3.1%, 2.0% and 0.6%, respectively.
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Reduced thickness specimens machined from nominal weld specimens were

tested and examined using the DIC technique. The results are presented in the same

fashion as the full thickness specimens, with the exception that the surface viewed was

normal to the plate thickness direction as opposed to normal to the welding direction.

The full field contour plots for the top, middle, and bottom specimens are shown

in Figure 4-8, Figure 4-9 and Figure 4-10, respectively. Each figure contains the local

response of the specimen at different global strain levels. As for the full thickness

nominal weld specimen, the reduced thickness specimens show the same characteristic

strain localizations developing in the HAZ regions with maximum normal strains

occurring on the retreating side. It was mentioned previously that failure in the full

thickness specimen was expected to take place in the retreating side HAZ due to the

localized effects, but the specimen actually failed in the nugget most likely because of an

unseen defect. All of the reduced thickness specimens failed in the retreating side HAZ,

which seems to support the presence of the LOP defect at the bottom surface. Based on

the amount of material removed from the bottom surface of the bottoln specimen, the size

of the defect can be estimated at 0.25 ram.

One of the interesting features of all three specimens is the relatively uniform

deformation of the individual regions in the welding direction (y-direction) indicating

that the materials representing the weld are homogeneous in this direction. This is a

generally accepted feature of the FSW process under steady state conditions and one that

supports the assumption that the mechanical response of a friction stir weld can be

modeled as a two dimensional problem.
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4.3 Local Constitutive Behavior

Ultimately, the goal of the experimental technique is to provide the information

necessary for developing the finite element model: (1) the local constitutive behavior,

given by the uniaxial stress-strain response, of the various materials that make up a

friction stir weld: (2) the number of materials to be used in defining the weld; and (3) the

distribution of these materials within the weld.
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As stated previously, capturing and correlating images at different stages of

loading provides a history of the local mechanical response. By assigning the global

stress, corresponding to the load at which a particular image was recorded, to the local

strains extracted from the full field data for that image, the constitutive data for virtually

any point in the weld can be constructed. In order to define the constitutive data for the

weld materials, the number and distribution of these materials must be decided upon.

Based on the results demonstrating the local mechanical response, a description of the

weld in terms of constituents could be presented by any number of different materials. An

attempt to distinguish every possible difference in material behavior would not only be

overly time consuming but also impractical. Therefore, a reference must be chosen to use

as a basis for separating the weld into a manageable number of materials. Towards this

end, the offset yield stress is used to characterize the weld materials and provide a map

for choosing the number and distribution of these materials.

Yield stress maps for the nominal, hot and cold welds are shown in Figure 4-11,

Figure 4-12 and Figure 4-13, respectively. These maps show the yield stress as a function

of position in the weld. Each map was constructed from the manually determined 0.2%

offset yield stresses of several hundred stress-strain curves extracted from the full field

data. In order separate the weld into a reasonable number of distinct materials, five

contour levels were used to display the data. Trends in the yield stress distributions

exhibit the same characteristics as the typical hardness profile shown previously. A

medium strength nugget region is bordered by lower strength HAZ regions, which

transition towards the high strength base metal outside the weld.
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The material distribution provided by the yield stress map is subject to

interpretation,however,only thoseregionsthat extendfrom the top to thebottom of the

weld areselectedasindividualmaterials.Localstress-straincurvesareextractedfrom the

positionsindicatedon the mapsand usedto describethe constitutivebehavior for the

correspondingmaterials.In additionto determiningthe numberof materialsand their

constitutivebehavior,theboundarylocationsaremeasuredrelativeto theweld centerline

andusedasa guidefor establishingthematerialdistributionin themodel.
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Theconstitutivedatameasuredfrom the full thicknessspecimenswasassumedto

be representativeof theresponseunderiso-stressloadingconditionsand this assumption

was tested using reduced thickness specimenstaken from the nominal weld. A

comparison of the results from the full and reduced thickness specimens is used to verify

this assumption.

Stress-strain curves were constructed for each of the materials comprising the

weld, excluding the base material, at locations near the top, middle and bottom of the full

thickness specimen using the nominal weld yield stress map as a guide for determining

material positions relative to the weld centerline. Stress strain curves from each thin

specimen were also constructed corresponding to the same relative positions in the thick

specimen. The 0.2% offset yield strengths, used to compare local constitutive behavior

between the thick and thin specimens, are plotted relative to the weld centerline in Figure

4-14. Also shown in Figure 4-14 is the thick specimen yield stress map defining the local

material boundaries and the positions for the material property comparisons. Differences

in local yield strengths between the thick and thin specimen are most pronounced in the

low strength regions of the weld, and in each case the thick specimen yield stresses are

higher in these regions. This result was expected due to the iso stress approximation, in

which an unrealistically high stress may be assigned to a region that has yielded and

redistributed its load to another part of the cross section. Furthermore, the reduction in

thickness may have relaxed the material constraint in the low strength regions, providing

an additional explanation for the lower yield strengths. Overall, the thick specimen

properties closely match the thin specimen properties and seem to justify the iso-stress

approximation.

65



375

350

325
m

300
e)

275
[n

•_ 250

225

200

375

350

_ _" _, 300
- • o _ z75
- © O + 250

,--I

_' 22.5

_ i i I t I i i [ i t + L l<_t t t 200
-i0 0 i0

x (n_)

- Middle
O

• ¢ ¢o

O •

- ¢I-5,, lilll llIL I ill
-I0 0 i0

x (ram)

Thick Specimen
Data L oca'0ons
For Yield Stress

Companson With
Thin Specimens

t
-20

k. •\-'\ok k • \•_"++- •.
I:

, , , , t L , , , I
-tO 0

x (n,o)

• • • o_oo i T
• • oooo M

i0 20

375

m 350

325

3O0

r_ 2 75

250
Z25

20O

Bottom O¢
-O

• • .+
<> •

O •

O <>

-I0 0 I0

x (m_l

• Thick Specimen

¢ Thin Specimen

Figure 4-14 Comparison of Full Thickness and Reduced Thickness Specimen

Local Constitutive Data.

To summarize, the global and local responses of the various welds and specimen

types have been examined using the full field measurement capabilities provided by the

image correlation technique. Observed differences in the global responses between parent

metal and welded specimens were attributed to complexities arising from interactions

among the various materials that make up the heterogeneous weld. Local material

behavior was shown at different stages of loading and provided a detailed view of the
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highly localized effects that develop throughout the loading history. The number of

materials,materialdistribution and materialconstitutivedata was then establishedfor

eachweld usingthe yield stressmapasguide.In addition, the iso-stressassumptionwas

justified througha comparisonof materialconstitutivedataextractedfrom full thickness

andreducedthicknessspecimens.

Informationgatheredfrom theseexperimentalresultsprovide thefoundationsfor

developingthe 2-D and3-D finite elementmodelsof thefriction stir weld.The accuracy

of the modelswill begaugedby comparingthemodel results,in termsof both theglobal

andlocalmechanicalresponse,with theseexperimentalfindings.
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Chapter 5 Numerical Model

The goal of modeling the mechanical response of the friction weld is to accurately

predict the global and local response that is observed experimentally. In doing this, the

model serves dual purposes. (1) An accurate representation of the global and local

response provides solid evidence that the local constitutive data measured experimentally

is valid. (2) An accurate model can be used as a tool to investigate issues relevant to the

problem that are otherwise difficult or impossible to determine experimentally. The

model may also be used to supplement additional experiments, for example, the effects of

different loading conditions, which can often be time consuming and expensive. Two-

dimensional simulations are carried out for the three weld specimens using the local

constitutive data obtained from the full thickness tests. In addition, the nominal weld is

modeled using the local data determined from the reduced thickness tests to verify the

iso-stress assumption. Three-dimensional models of the full thickness nominal weld are

run to validate findings from the 2-D model. The finite element model of the friction stir

weld is developed using the commercial code ABAQUS.

The finite element method is a numerical technique used to approximate the

solution of boundary value and initial value problems over the entire problem domain.

The solution of a particular problem is given by a mathematical formulation, often a

differential equation, which describes the physical nature of the problem. Depending on
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the complexity of the governing equation, the exact solution of a particular differential

equation may be difficult to find. The finite element approach to solving the differential

equation over the whole domain is to first discretize the domain into subdomains, called

finite elements, and then determine an approximate solution over each element using

approximation functions [62]. Discretization is accomplished by dividing the original

domain into an assemblage of simple geometric shapes, consisting of elements and nodes,

so that the geometry and the solution are well represented. The solution to the differential

equation is approximated over each element by continuous functions, usually represented

by linear combinations of algebraic polynomials. In order to obtain the necessary and

sufficient number of algebraic equations required to solve for the unknown coefficients of

the approximation functions, the differential equation must be recast in an equivalent

integral form using variational methods. Once the element equations are determined, the

entire set of equations is assembled and may be solved simultaneously.

Solid mechanics problems are governed by the equations of equilibrium for both

forces and moments. For the case of static equilibrium of an arbitrary body, occupying a

volume V enclosed by a surface S, the force and moment equilibrium equations are given

by [63, 64]:

(n. c_) dS + If dV = 0

S V

(5.1)

(rxn.a)dS + I(r xf)dV =0
S V

(5.2)

where _ is the stress tensor, (11• cy) and f represent surface and body forces, respectively,

n is the surface outward normal and r denotes the position vector. In the absence of body
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moments, the consequence of the moment equilibrium equation is the condition of

symmetry of the stress tensor, which states O'= OI . Therefore, by using the symmetric

stress tensor, the moment equilibrium equation is automatically satisfied and only force

equilibrium need be considered. By transforming the surface integral in (5.1) to a volume

integral using Gauss's theorem, the force equilibrium equation for an arbitrary volume

may be written as:

cJ--Z + f, = 0 (5.3 
Oxj

which are the three familiar equations of force equilibrium.

As stated previously, the finite element method relies on approximations to the

solution of the governing differential equations and requires an integral representation of

the governing equations usually obtained by variational methods. These methods involve

multiplying the original differential equation by a weight function and integrating over

the domain to obtain a weighted integral statement [62]. The weighted integral statement

requires that the approximation be differentiable as required by the original differential

equation and satisfy both natural (force) and essential (displacement) boundary

conditions. If differentiation can be distributed between the approximate solution and the

weight function, the resulting integral represents a weak form in that the continuity

requirements on the approximation functions are weaker. The weak formulation is usually

preferable because of this feature and also because it includes the natural boundary

conditions. Therefore, the available approximation functions include a larger space of

functions and the approximation must only satisfy the essential boundary condition.
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In the displacementbasedfinite element formulation, the weclk form of the

equilibrium equation (5.3) is developed using the principle of virtual work (or principle

of virtual displacements) [65]. Following the procedure discussed above, (5.3) is

multiplied by the weight function, assumed to be a virtual displacement field ui, and

integrated over the volume:

[(_)6ji
_ui + fi u_)dV = 0 (5.4)

J axj
V

36j_u_ 0%u+%au_
Using the identity _X i -- i- °3Xi _X i , (6) may be rewritten as:

_ 6ii ui
o-ixi

V

_) tl i
_+ |iui )dV =0

oj_ OxJ

(5.5)

Gauss's theorem may then be applied to the first term to transform the volume integral to

a surface integral. Noting that the surface force is given by t = (n- (5), the result is:

OXj
V V S

ui dS (5.6)

The left hand side of (5.6) contains the Jacobian matrix
Ui

_xj

from which the symmetric

virtual strain matrix E and skew-symmetric virtual rotation matrix fl are obtained. Due

to the symmetry of O" and the skew-symmetry of _ the term O" f2 =0, and (5.6) may

be written as:

I(Gijlgij)dV= IfiuidV+ I+ti

V V. S

ui dS (5.7)
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This is the familiar form of theprincipleof virtual work that statesthat thetotal internal

virtual work, correspondingto theequilibrium stressesandvirtual strains,is equalto the

total external virtual work done by the surface and body forces and the virtual

displacements.Applicationof the equilibrium equationto thediscretizeddomain results

in asystemof N equationsfor N unknownnodalvaluesrepresentedby:

/58 

where [K]is the global stiffness matrix, {U }is the displacement vector and {F }is the

force vector. The system of equations is then solved for the displacements, which are then

used to compute the element strains and element stresses. This is the general procedure

used in the displacement based finite element formulation and is the same used in the

ABAQUS finite element code [661.

Modeling the mechanical response of the friction stir weld under uniaxial loading

is a nonlinear, static stress-analysis problem due to the nonlinear material behavior.

ABAQUS handles the nonlinear problem in an iterative manner by dividing the solution

into a number of small increments. The nodal displacements are calculated in each

increment and a residual force is computed for comparison with a specified force

tolerance. If the tolerance is met, the solution has converged for the increment and the

next increment begins. Otherwise, the increment is adjusted and another iteration is

computed. In this study the force tolerance and increment step are handled automatically

by ABAQUS.

Accuracy and convergence are two important features of any numerical model.

The sources of error in the finite element method arise from discretization of the domain,

approximation of the solution and numerical computation. These errors can be minimized
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by proper selectionof mesh,elementsand solution method.Since there is no exact

analytical solution to this particular problem, the accuracyof the solution cannot be

explicitly checked.In this casethe accuracyis gaugedby comparisonsmadewith the

experimentalresults.Convergencedescribesthe changesin the accuracyof the solution

asthe modelis refined;eitherby increasingtheorderof theapproximationfunctions(p-

method)or by increasingthenumberof elements(h-method).An importantfeaturein the

developmentof the weak form of the governing equation is that the approximation

functions are required to satisfy the conditions of compatibility and completeness to

ensure convergence. Compatibility means that the approximation functions must be

differentiable as required by the weak form. Completeness means that the approximation

function must be a complete polynomial to represent the rigid body displacements and

constant strain states. Since convergence is assured in this sense, convergence of the

friction stir weld model is demonstrated using the h-method of mesh refinement.

Finite element analyses are typically completed in the following stages: pre-

processing, simulation, and post-processing. The preprocessor is used to create the input

file, which includes model geometry, finite element mesh, material properties, boundary

conditions and analysis information. Simulation is the stage in which the analysis

package solves the numerical problem described in the input file. The postprocessor is

used to visualize the simulation results graphically. Although ABAQUS contains

modules for each of these functions, only the analysis and postprocessor packages,

ABAQUS/Standard and ABAQUS/POST, are used in this investigation. MSC-Patran is

the preprocessor used to create the input file for use by ABAQUS.
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In the discussionof the numericalmodels,the coordinatesystemis definedas

follows. Theloadingdirection,normal to the weldingdirectionandin therolling planeof

theplate,is labeledthe 11axis; thedirectioncorrespondingto the specimenthicknessis

labeledthe22 axis; andfor the 3-D model the weldingdirection is labeledthe 33 axis.

For all models,it is assumedthat the materialpropertiesdo not vary along the welding

direction(thisassumptionis implicit in the2-D models).

5.1 2-D Model Definition

Due to the generally accepted notion that the various weld regions produced by

friction stir welding are homogeneous in the welding direction, an idea that was

supported by the reduced thickness specimen experimental results, modeling the

mechanical response of the friction stir weld can be viewed as a two-dimensional

problem. Two-dimensional models are constructed for m?mimll, hot, and cold, full

thickness specimens. The model domain for the full thickness specimen is chosen to

represent the specimen gage section and measures 60 mm long and 8 mm thick. Based on

the experimental data provided by the yield stress map, used to define the material

distribution in the model, the domain for each specimen type is approximated using

quadrilateral elements with an edge length of 0.25 mm and a unit thickness. This results

in a uniform mesh with a spatial resolution sufficient to accurately capture the material

distribution. Figure 5-1 shows the mesh for the full thickness specimen. The full

thickness mesh consists of 7680 elements and 7953 nodes. For the h-method convergence

test, the full thickness mesh is refined using an element length of O. 125 ram, resulting in

30720 elements and 31265 nodes.
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Material behavior is defined in the model using the *ELASTIC and *PLASTIC

options in the ABAQUS input file. These options allow each weld material to be defined

in terms of its elastic and plastic properties. Properties for the elastic response are given

by the modulus of elasticity (E) and Poisson's ratio (v) for the material. All of the

materials are aluminum alloy 2024, therefore constant values of 73 GPa and 0.3 are

chosen for E and v, respectively. The true stress and corresponding true plastic strain

values obtained from the experimentally determined constitutive data define the plastic

behavior. The material distributions, provided by the yield stress maps, are created in

ABAQUS using element sets. From the yield stress maps, the individual boundaries

between the different weld materials were measured relative to the weld centerline. These

locations are then used to determine the elements lying within these boundaries, which

are subsequently assigned to element sets representing the various weld regions. Figure

5-2 shows the nominal weld mesh with the individual element sets indicated by

alternating colors.

The boundary conditions imposed on the model are chosen to represent the actual

tensile test. In the displacement controlled tensile test, one end of the specimen is fixed

and a constant displacement is applied to the other end. As stated previously, the natural

or force boundary conditions are included in the weak formulation of the equilibrium

equation and correspond to the surface forces. For this problem the surface forces are

zero. The essential or displacement boundary conditions for this problem are defined at

the ends of the specimen. One end was fixed so that the displacements of the nodes at this

end are zero in the 11 and 22 directions. A constant displacement in the I I direction is

applied to the nodes at the other end to simulate the tensile test.
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The two dimensional model provides a method of conducting a limit analysis

through the use of plane strain and plane stress elements. These two limiting cases are

investigated for the nominal weld and, as it will be demonstrated, the actual conditions

for the friction stir weld are best represented by the plane stress condition. All of the

remaining 2-D models are analyzed under plane stress conditions.

5.1.1 Plane Strain

Plane strain is a 2-D idealization of the state of strain and stress representative of

infinitely thick 3-D structures. Deformation is restricted in the out of plane direction,

associated with the thick dimension, as a result of the excess material constraining the

deformation and the resulting triaxial stress state. The plane strain model is created using

the CPE4 elements from the ABAQUS solid element library. These first order continuum

plane strain (CPE) elements are 4-node quadrilateral, solid elements with linear

interpolation and full integration. The degrees of freedom associated with the nodes are

the primary variables calculated during a simulation, in this case the displacements.

Linear interpolation is used to calculate the degrees of freedom at any other point in the

element. All other quantities are integrated over the volume of the element and evaluated

at the integration points. Full integration and reduced integration refer to the number of

integration points used in the calculations and depending on the problem, the number of

integration points can greatly affect the accuracy of the element by introducing locking or

hourglassing problems. Hourglassing is not a problem associated with fully integrated

elements and locking is only a concern for first order, fully integrated elements subject to

bending loads or when the material is incompressible.

78



5.1.2 PlaneStress

The oppositeextremeto theplanestrainconditionis planestress.Planestressis a

2-D idealizationrepresentativeof thin 3-D structures.Underplanestressconditionsthe

out of planestressis zero, therefore,no triaxial constraintcandevelop.The planestress

model is constructedusingtheCPS4element.Thesefirst orderelements,like theCPE4

elements,are 4-node quadrilateral,solid elementswith linear interpolation and full

integration.

5.2 3-D Model Definition

The 2-D plane strain and plane stress representations demonstrate the extremes in

terms of material constraint. In order to examine intermediate levels of constraint, 3-D

models of varying specimen size were constructed. Since the specimen thickness is an

experimental constant the dimension that is varied is the width, corresponding to the

actual direction of welding and the out of plane dimension in which the constraint is

developed in 2-D. One of the assumptions made about the FSW process, which led to the

initial 2-D simulations, is that under steady state conditions the resultant material

properties are homogeneous in the welding direction. In light of this assumption, the 3-D

models are constructed by extending the 2-D model in the welding direction (33), i.e. out

of plane dimension. To obtain manageable model sizes and reasonable computational

times, the element sizes are increased from 0.25 mm to 0.5 mm in both the 11 and 22

directions and the element width is defined as 1 mm in the 33 direction. Although this

results in a slightly coarser mesh, the spatial resolution is still adequate to capture the
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detail in the material distribution. The boundary conditions for the 3-D models are the

same as for the 2-D model. One end is fixed in the 11 and 22 directions and a constant

displacement is assigned to the other end.
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Chapter 6 Finite Element Model Results

The purpose of developing numerical models is to provide a tool for making

predictions and gaining insight about a particular problem. For this study, the friction stir

weld model is used to verify the local constitutive data obtained by the proposed

experimental technique and justify the assumption of iso-stress loading conditions. The

model development began with 2-D plane strain and plane stress models and led to 3-D

models to validate findings from the 2-D limiting cases. All of the work done in

developing the 2-D model was based on the full thickness nominal weld specimen. This

included plane strain and plane stress analyses and eventually led to the conclusion that

the plane stress model provided the best representation of both the local and global

response. Therefore, only the nominal weld was modeled in both plane strain and plane

stress. The hot and cold wclds were modeled as plane stress.

Two-dimensional and three-dimensional models simulating the uniaxial tensile

response of various friction stir welds have been constructed using experimentally

determined local constitutive data. In order to capture both the local and global response

that was observed in the experiments, several different materials were identified for each

weld and their distributions within the model were established using the yield stress maps

as guides. The modeling results are presented in terms of global and local mechanical

response for direct comparisons with the experimentally measured results.
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6.1 Global Mechanical Response

Initially, the FSW was modeled as plane strain because it was believed that the

heterogeneity associated with the weld might result in material constraint within this

region. The local response, which will be shown later, indicates that the model provides

an excellent description of the local material behavior; however, the predicted global

response does not match the post yield behavior shown by the experimental data. The

global response, in terms of engineering stress and strain, for the plane strain model is

shown in Figure 6-1. Global stress levels for the model are determined by summing the

reaction forces for all the nodes at the displaced end of the specimen and dividing by the

original cross-sectional area. Although the model response exhibits the same shape as the

experimental curve, it is clear that for a given stress level, the model significantly under-

predicts the specimen strain. Based on these results, it was believed that the discrepancies

between the experimental and model results were attributed to inaccurate material

properties or to the constraint imposed by the plane strain condition.

To examine the possibility of inaccuracies in the material properties, associated

with the iso-stress approximation, the plane strain model was re-run using the local

constitutive data obtained from the mi&lle reduced thickness specimen. The results from

this model are also shown in Figure 6-1 as indicated by the Nominal (Plane Strain Iso)

data. Again, the plain strain model does a poor job of predicting the global response even

with improved material properties, which indicates that the problem is most likely

associated with the plane strain condition. While the results from the two models do not

match the experimental data, it is interesting to note that the differences between the two

models are very slight. This provides solid evidence that the constitutive data obtained
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from the full thicknessspecimenis very similar to the dataobtainedfrom the reduced

thicknessspecimens,thusjustifying theuseof the iso-stressapproximation.

The issueof constraintwas thenexaminedby modelingthe FSW specimenas

planestress.In this case,themodelaccuratelypredictsthetensileresponseasshownin

Figure6-2. It is obviousfrom theseresultsthat the triaxial stressstatedevelopedin the

plane strain model excessivelyconstrainsthe material from deforming and is not an

appropriaterepresentationof theactualstressstatewithin the FSW.Although the actual

out of planestress(0._3)maynot be identicallyzero,nearplanestressconditionsappear

to exist and will thereforebe usedto model the hot and cold welds. However, three-

dimensional models depicting specimens of varying width will be used to examine the

triaxial stress state and justify the plane stress representation. The global responses for the

hot and cold models are shown in Figure 6-3 and Figure 6-4, respectively. In both cases,

the plane stress model does an excellent job of predicting the actual weld response.

One thing to note from the global results is that the strain range over which the

model provides prediction is only a fraction of the total specimen strain. This is a

consequence of the limited constitutive data obtained using the experimental technique.

Information can only be gathered over the strain range determined by the weakest region

in the weld. Reducing the intervals at which the images are recorded would provide more

information but, in order to capture the maximum amount of data, an image would need

to be recorded at a point in the loading history just prior to failure. However, this is not an

easy task. At the same time, increasing the number of images recorded in a test greatly

increases the time required for correlation and extraction of the local constitutive data.

Strain hardening is included in the material definition through the addition of true stress-
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true plastic strain values and the material behavior for the model is limited by the

maximum true stress value included in the material definition. Once this value is

exceeded, the material becomes perfectly plastic and the elements associated with this

material become distorted, leading to solution problems. Therefore, the displacement

applied to the model was chosen so that this situation did not occur.

• 0

Hominal Exp
• Hominal (Plane Strain)

,5 Nominal (Plane Strain Iso)

Figure 6-1 Nominal FSW Global Response Predictions (2-D Plane Strain). The

Plane Strain Iso model used iso-stress materials.
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Figure 6-2 Nominal FSW Global Response Predictions (2-D Plane Stress). The

Plane Stress Iso model used iso-stress materials.
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Figure 6-3 Hot FSW Global Response Prediction (2-D Plane Stress).
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Figure 6-4 Cold FSW Global Response Prediction (2-D Plane Stress).
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6.2 Local Mechanical Response

The ability to predict the global response of the FSW has been demonstrated by

the 2-D plane stress model. Prediction of the global response, hov,'ever, is only part of the

requirement needed to show the accuracy of the model. The 2-D model must also be able

to predict the local response that is observed in the full field experimental data. Results

from the experimental data were presented as contour plots of the normal strain (Ell)

distribution at various global specimen strain levels. The results from the three weld

models are presented in the same manner to provide visual comparison with the
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experimental results. For each weld, the plots correspond to the maximum global strain

level achieved in the model.

The plane strain and plane stress model results for the nominal weld are shown in

Figure 6-5 and Figure 6-6, respectively. Qualitatively, the models show the same trends

as the experimental data, with strain localizations occurring in the advancing and

retreating side heat affected zones. Both models indicate maximum strain localizations in

the retreating side HAZ, which is consistent with the experimental results for this weld.

Overall, the differences between the two models do not appear to be that noticeable at

approximately the same global elongation, however, it should be noted that the global

stress level is 440 MPa for the plane strain model and 370 MPa for the plane stress

model. This provides further evidence that the constraint imposed by the plane strain

condition is unrealistic for the FSW.

The local responses for the hot and cold welds are shown in Figure 6-7 and Figure

6-8. From the hot weld experimental results, the retreating side HAZ localization was

much more pronounced than the advancing side HAZ and the model demonstrates this

result. The same was true for the cold weld, at least until the localization associated with

the lack of penetration defect became dominant, and again the model shows this trend.

These qualitative observations support the general viability of the model, however, a

quantita!ive comparison of the model and experimental results is needed.
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To provide a quantitative comparison of the experimental and model results, the

local responses are evaluated at approximately equivalent global elongations. The normal

strain (_:_l) is then plotted relative to the weld centerline at different locations within the

weld to gauge the model performance. Locations near the top, middle and bottom of the

weld are chosen for the comparisons.

The plane strain and plane stress model results for the nominal weld are shown in

Figure 6-9 and Figure 6-10, respectively. For each case, the results are presented from

two simulations. One corresponds to the model using the constitutive data from the full

thickness specimen and the other to the model using the properties from the reduced

thickness specimen (this model is labeled as "Iso"). The plane strain and plane stress

models provide a good description of the variation in the normal strain across the entire

width of the weld and from top to bottom: however, it is seen that the 'qso" models

predict higher strain levels in the heat affected zones and lower strain levels in the nugget

and are not as good overall. This does not imply that the material properties obtained

from the redtlced thickness specimen are less accurate than those from the full thickness

specimen. In fact, these material properties are more accurate, but only for the general

location, relative to the full thickness specimen, that the specimen represents. For

example, the material properties from the mi&lle specimen are accurate only for the

regions at the mid-thickness of the full size specimen. Recall that each region in the

model is defined by a single material behavior. Thus, using a material defined from the

reduced thickness specimen in the model results in a poor prediction because it does not

provide adequate representation of the region as a whole.
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Effectively, the constitutivedatadefined from the full size specimenrepresent

"average" properties for the respectiveregions becausethe effects of the material

gradient, from the top of the weld to the bottom, are included in the experimental

measurements.Consequently,themodelsusingthesematerialsprovidebetterpredictions.

As shownby theresultsfor thesemodels,the locationsof thestrain localizationsaswell

asthe magnitudesare in goodagreementwith theexperimentaldata. It shouldbe noted

thattheactualglobalstrainlevel from which theplanestrainmodelresultswereobtained

wasapproximately3.3%while theexperimentaldatacorrespondto aslightly lower strain

levelof 3.1%.

Model predictionsfor thehot and cold welds are shown in Figure 6-11 and Figure

6-12, respectively. These welds were modeled as plane stress and the results are in

excellent agreement with the experimental data. For the hot weld, the model predicts

almost identical distributions in the normal strain over the entire weld region. The

predictions for the cold weld are also very close to the experimental data, particularly at

the top and middle of the weld. At the bottom, however, the experimental data indicates

the presence of the defect in the nugget region, which is not captured by the model. The

material behavior defined for the nugget includes the effects of this localization, but its

influence is averaged out in choosing a single point in the center of the specimen to

construct the constitutive data. Overall, the model provides a very good representation of

the local material behavior.
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Before discussing the justification for using the plane stress representation, it is

appropriate to demonstrate the convergence of the 2-D model using an h-method mesh

refinement. Due to the necessity to capture the gradients in the material distribution, a

very fine, uniform mesh was required from the beginning. The element edge length for

the original model was 0.25 ram, which resulted in 7680 elements and 7953 nodes. In the

refined mesh, an element length of 0.125 mm was chosen so that each original element

was divided in four. The new model consisted of 30720 elements and 31265 nodes.

Convergence through mesh refinement is used to demonstrate that the model has

an adequate mesh density to capture the strain gradients that exist within the weld region.

The nominal weld was chosen for this demonstration and the results are presented in

Figure 6-13. It is clearly seen that the refined model predicts almost the identical

response as the original model at each location in the specimen and across the width of

the weld, indicating that the two models have converged to the same solution. Figure

6-14 shows the global response predictions for the original and refined models, which

also demonstrate the convergence of the 2-D model.

The global and local response predictions that have been shown thus far have

indicated that the plane stress model provides a much better representation of the friction

stir weld response than does the plane strain model. However, these two limiting cases

demonstrate the extremes in terms of material constraint. In order to examine

intermediate levels of constraint and justify the plane stress representation, 3-D models of

the nominal weld were analyzed. These results are presented next.
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Figure 6-13 Results of the normal strain distribution in the nominal weld showing

convergence of 2-D model using h-method mesh refinement.
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Figure 6-14 Global response prediction for the nominal weld showing convergence

of the 2-D model using h-method mesh refinement.

6.3 3-D Model Results

The fact that the plane stress model provides a better representation of the friction

stir weld in 2-D than plane strain suggests that the triaxial constraint is very nearly zero.

Constraint is quantified by examining the levels of the 33 stress at various positions

within the weld, which in reality will reach maximunl values at some finite specimen

width. Several models were constructed by incrementally increasing the specimen width

until the observed stress levels approached constant values. The specimens considered

were 6, 12, 24 and 30 mm in width.

Figure 6-15 shows the stress distributions (G_3), relative to the weld centerline, at

mid-thickness on the model mid-plane for each of the models examined. At
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approximately equal levels of global specimen strain, the stress values ((Y33) appear to

reach a maximum at a specimen width of 30 mm, which is two and a half times the width

of the actual specimen used in the experimental testing. When this maximum constraint is

compared to the theoretical limits obtained by the 2-D plane strain and plane stress

models, as seen in Figure 6-16, it becomes evident that the constraint condition

developed in the FSW specimen is very nearly plane stress. These results suggest that,

although increasing the specimen width causes some increase in constraint, the amount of

constraint developed is primarily limited by the specimen thickness.

Local Stress Distribution (J_) Relative to Weld Centerline

e%
0%

©
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4O

30

20

i0

0

-I0

-20

-30

-40

-50

-20 -i0 0 i0 2O

Figure 6-15 Stress distributions relative to weld centerline for all 3-D models. Data

extracted from the mid-plane of each model at the mid-thickness

101



v

20O

150

log

b 5O

-5{]

033 Developed in the FSW Model

• Plane Strain Model

3D Model

Plane Stress Model

-20 -iO 0 I0 20

x (ram)

Figure 6-16 Constraint developed in the 3-D model compared to the plane strain

and plane stress theoretical limits.

An interesting feature of the o_3 distribution that can be observed in Figure 6-15

and Figure 6-16 is the presence of regions of negative _33 stress outside of the HAZ on

both advancing and retreating sides of the weld. The negative values of o33 will lower the

apparent yield strength of material adjacent to but outside of the weld, thereby mitigating

the strain localization resulting from the presence of low strength regions in the HAZ.

The triaxial stresses developed in the 3-D model will result in different responses

than those predicted by the 2-D plane stress model. A comparison of the global and local
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response predictions for the 2-D and 3-D models is presented here. Since the full size

specimen used in the experiments was 12 mm wide, only the 12 mm wide 3-D model is

considered. Figure 6-17 shows the global response predictions for the 2-D and 3-D

models. The 3-D model does predict slightly higher post yield stress levels as a result of

the additional constraint, but overall the two curves are nearly identical.

350
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i_'_

i00
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Global Stress-Strain Curves

2-D Plane Stress and 3-D ModeIs

0.01 0.02 0.03

/-,.

Figure 6-17 Comparison of 2-D and 3-D global response predictions.
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The local response for the 3-D model is shown in Figure 6-18 as a contour plot of

the normal strain (ell) distribution at a global strain level of approximately 3.3%.

Qualitatively, the response is consistent with the trends predicted by the 2-D model

(Figure 6-6). Strain localizations are present in the low strength heat affected zones and

the nugget region exhibits a fairly uniform strain. A more detailed comparison is

provided in Figure 6-19, which shows the normal strain distribution at the mid-thickness

on the front surface of the 3-D model along with the mid-thickness distribution for the 2-

D model. The effect of the triaxial stresses is evident in the slightly higher strains

predicted by the 3-D model in the nugget and also in the transition region between the

base metal and HAZ, but, overall, the two models are in very good agreement.

To summarize, the finite element model of a transversely loaded friction stir weld

has been developed using experimentally measured local constitutive data and material

distributions as input. Two-dimensional plane strain and plane stress simulations have

indicated the state of constraint in the FSW specimen as that of nearly plane stress and

tile results of 3-D finite element models support these findings. The global and local

response predictions for three different welds, modeled as plane stress, have been verified

by the experimental results. In addition, 2-D simulations using material properties from

the reduced thickness specimens confirm the use of full thickness material properties in

characterizing the local constitutive behavior of the friction stir weld.
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Figure 6-19 Comparison of normal strain distribution for 2-D and 3-D models at

mid-plate thickness. 3-D model data is taken from the front surface.
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Chapter 7 Model Applications

A working 2-D model of a friction stir weld has been developed and employed in

the investigation of the mechanical response of the weld under transverse, uniaxial

loading conditions and the ability of the model to accurately characterize the weld

response has been verified by experimental observations. Based on the results of these

investigations, the experimentally determined constitutive properties of the various weld

materials have been verified and the condition of constraint has been established as that

of near plane stress. To this point, the 2-D model has only been utilized to confirm the

local constitutive data and demonstrate the viability of such a model in simulating the

response of the heterogeneous structure. The advantage of a working model is its utility

as a tool for supplementing the experimental process and investigating features that may

not be available through experimental techniques. Ultimately, the goal of the model will

be to provide input for analyses of three-dimensional structures containing weldments.

The present chapter demonstrates the application of the 2-D model to a number of

interesting situations.

First, a comparison of the original model with a model that incorporates a single

"average" weld material is presented. This assessment is made for the izominal weld and

used to justify the detail included in the original model. Next, the model is used to
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demonstratethepotentialfor investigatingtherole of aweld defect.Finally, the model is

usedto simulatetheresponseof theweld to 3 point bending.

7.1 "Average" Weld Material

The detail involved in developing the model, as far as the number of materials

defining the weld and the material distribution are concerned, should be warranted by

both the global and local predictive capabilities of the model. Since the heterogeneous

structure of the weld varies with the process parameters, the model must be constructed

for each type of weld considered. Ideally, the model should contain a sufficient amount of

detail to provide accurate results, but not so much that it becomes impractical to use.

Obviously, the most simplistic approach would be to use one material to represent the

weld. In an attempt to justify the detailed description of the weld, the model is analyzed

using an "average" weld material to define the entire weld region.

The original model of the nominal weld consisted of 14 individually defined

materials, 13 weld materials and the base material, distributed throughout the weld in a

pattern that mimicked the distribution provided by the experimentally determined yield

stress map. This description was adopted in order to capture the non-symmetric nature of

the weld response shown by the expetimcntal data and the non-symmetric nature of the

FSW process in general.

A new model is constructed using one material to define the weld, which

represents an average constitutive behavior of three of the original 13 materials.

Referring to the nominal weld yield stress map shown in Figure 4-11, the materials

chosen to define the new weld material are selected from the nugget and the two low
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strength regions in the advancing and retreating side heat affected zones. Average values

of true stress are computed from the three materials at corresponding levels of true plastic

strain and the new material is added to the model. The new material is assumed to occupy

the same area of the model as the entire set of 13 materials in the original model and all

boundary conditions were maintained.

Figure 7-1 shows the global response predictions for the original model and the

model incorporating the average weld material together with the experimental data for the

nominal weld. The average weld model does a fairly good job of predicting the actual

response but overall provides less accurate results than the original model. In this respect,

the average material description may be suitable for use in studies aimed at optimizing

the welding process to achieve superior quality welds. This, however, would require

knowledge of the effects of the welding parameters on the resulting local properties of the

weld, which could possibly be provided with the aid of microstructural evolution models.

If the model is to be used in studies where local effects are important, such an in three-

dimensional structural models or crack propagation models, then it must be capable of

predicting the local response as well as the global response.

The local response of the average weld model is shown in Figure 7-2. It is clear

from this plot that the single material representation results in a much more uniform and

symmetric strain distribution than way shown by the original model in Figure 6-6. The

localizations present in the original model are somewhat visible in the average weld

model but ti-_r the most part are indistinguishable. In addition, the strain gradients in the

transition regions between the weld and the base material are very severe in comparison

with the original model.
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Global Stress-Strain Curves

Original 2-D Model and

"Average" Weld Material Model
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Figure7-1 Nominal FSW global response predictions from the original 2-D

model, which incorporates 13 different weld materials, and an "average" weld

model that uses only one material to define the weld.

A more detailed comparison of the results for the two models is shown in Figure

7-3, where the normal strain distribution is plotted at locations near the top, middle, and

bottom of the weld. At each location, the average weld model demonstrates severe strain

gradients in the base metal-weld metal transition regions and relatively constant strain

throughout the nugget. This is clearly inconsistent with the response predicted by the

original model and is not an accurate representation of the actual weld response.
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Based on the results of the original model and the simplified "average" weld

model, it is easily seen that a single material representation of the heterogeneous weld is

insufficient to accurately model both the global and local responses. Although the global

predictions are similar for both models, the simple model lacks the capability of capturing

the local effects. For the model to provide accurate information in applications where the

local effects are important, a more detailed description of the weld materials and their

distributions is required. In regards to the original model, 13 different weld materials may

be more than necessary but the added detail may be justified by the increased accuracy in

the results, depending on the application.

7.2 Defect Model

Friction stir welds and welds in general are susceptible to detects. Careful control

of process parameters can minimize the potential for defect formation, however, it is

possible that defects will arise in a production environment. Friction stir welds are not

prone to the types of defects characteristic of fusion welds but they are vulnerable to

other types of defects. Two defects that have been associated with friction stir welding

are the wormhole and the lack of penetration (LOP) defect.

Wormhole defects appear as tunnels, generally on the advancing side of the weld,

and typically result from the improper selection of process parameters. By choosing the

appropriate parameters for a particular material, these detects can normally be eliminated.

A lack of penetration defect is indicated by the retained interface between the original

plates at the bottom of the weld and is usually much harder to detect. While the LOP

detect may be controlled by process parameters, it can also arise from tool wear even
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whentheoptimumparametersareused.In a productionenvironment,this typeof defect

may be more likely to occur and so the effect of suchdefectsshouldbe a subjectof

consideration.Specifically,it would be informativeto know how largeof a defect the

weldcanwithstandbeforethedefectbecomesthedominantfactorin failure.

A studyto determinethecritical defectsizewould requireamodelthat includeda

detaileddescriptionof theweld in additionto a failurecriterion.Althoughthe friction stir

weld modeldoesnot incorporatea failurecriterion,it doescontainthenecessarydetail to

demonstrateits potentialuse in this type of application.To show this, a LOP defect is

introducedinto themodelandthesimulatedtensiletestresultsarecomparedto theresults

of atensiletestonanactualweldcontaininga LOPdefect.

Sinceit would bea difficult taskto manufacturea LOP defectof a specificsize

and at a specific locationduring the welding process,anartificially produceddefectis

introducedin a nominal FSW specimen using a slotting saw. A ¼mm deep slot is cut

along the weld centerline at the bottom of the weld to simulate the defect. Although there

is normally some bonding at the interface of a LOP defect, the slot is realistic, in terms of

the size, and provides an adequate representation of the defect _ for the present

demonstration. The tensile test on the weld specimen included image acquisition for

correlation and strain determination. To simulate the defect in the model, a single element

(tA mm edge length) is selected at the bottom of the weld along the weld centerline and

assigned an elastic-perfectly plastic behavior with a low yield strength.

The local response for the model and experiment are shown in Figure 7-4 at a

global strain level of approximately 1.3%. At this relatively early point in the loading, the

experimental data show the presence of the strain localization around the defect in
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additionto thecharacteristiclocalizationsin theheat-affectedzones.The modelresponse

also capturesthe HAZ localizationsand indicatesthe LOP defectby the typical plastic

zone shapeassociatedwith a crack-like defect. Although the plastic zone is not as

noticeablein thecontourplot of the experimentaldata,the straindistributionjust above

thedefectis verysimilar to thatpredictedby themodel,asshownin Figure7-5.
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Figure 7-4 Local response from 2-D model and experiment on the nominal FSW

specimen containing a 0.25 mm deep LOP defect. The global strain level is

approximately 1.3 %.
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Figure 7-5 Model and experimental results of the normal strain distribution at

the bottom of the weld, just above the LOP defect.

To provide further evidence that the response predicted by the model is a realistic

representation of the behavior of a weld containing a detect, an additional experiment

was conducted on a specimen with a 1 mm defect. Following the same procedures as for

the first defect specimen, the tensile test was run and the full field information was

obtained via DIC. Figure 7-6 shows a close-up view of the normal strain distribution in

the vicinity of the I mm LOP defect. The local deformation around the defect shows the

similar plastic zone shape that was predicted by the model with the tA mm defect,
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indicating that the model is capable of providing realistic results in terms of the local

response in the presence of a defect.

In order to use the model to determine a critical defect size, a failure criterion

must be included in the model development, which is beyond the scope of the present

work. A failure criterion would allow the model to predict when (i.e at what size defect)

the localization due to the defect becomes dominant over the HAZ localizations. In the

absence of this criterion, the model can only be used to show trends in the local behavior.

Based on the results, the model demonstrates the potential for providing the foundation of

a model to be used in this type of application.
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Figure 7-6 Close-up view of the nominal FSW local response in the vicinity of the

1 mm LOP defect.
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7.3 3-Point Bend Test

The tensile response of a weld provides useful information regarding weld quality

and general mechanical properties and in many structural applications welds will be

subject to tensile loading• However, it is likely that other loading conditions will exist and

a model should be able to handle such cases. To demonstrate the model capabilities in a

situation other than transverse, uniaxial tension, the model is used to simulate three-point

bend tests on an all base metal specimen and a hot FSW specimen. Results from these

simulations are compared to the results from 3-point bend tests on actual base metal and

hot FSW specimens.

The base metal and weld specimens used in the experiments were similar to the

ones used in the tensile tests, with the exception that the top surface of the weld specimen

was milled to remove the flash produced during welding and provide a smooth surface

for contact with the test fixture. The 3-point bend fixture consisted of two cylindrical

supports mounted on an aluminum block, with a center-to-center separation distance of

101.6 nun (4 in.), and a separate threaded support, which was attached to the load cell of

the test machine. The block with the two supports rested on a fiat plate fixture, attached

to the moveable ram, and was positioned so that the load point acted midway between the

two supports. Prior to testing, the specimens were centered on the supports and, for the

weld test, the specimen was oriented with the load point acting on the crown side of the

weld. All tests included image acquisition for correlation and strain determination.

To simulate the 3-point bend test, the problem was modeled as a contact problem

between the deformable specimen and the rigid supports. Since a distance of

approximately 100 mm separated the bottom supports on the fixture, the length of the
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specimenwasincreasedfrom 60 mm to 120 ram, resulting in 15360 elements and 15873

nodes. Reduced integration, plane stress elements (CPS4R) were used in the model due to

the susceptibility of the fully integrated dements to shear locking in bending. The

geometry of the model is shown in Figure 7-7. Contact between the supports and the

specimen is identified by the definition of three contact pairs, which are surfaces that may

come into contact with each other, and associated surface interactions. In the contact pair

definition, one surface is identified as the master surface and the other is identified as the

slave surface. When contact occurs between a rigid surface and a deformable surface, the

rigid surface is set as the master surface. For each of the contact pairs, the normal and

tangential surface interactions were defined using the available options in ABAQUS.

Interaction normal to the surface was set using the default "hard" model, which prevents

the slave surface from penetrating into the master surface, and a friction model was used

for the tangential surface interaction such that sliding occurs when a user-defined shear

stress limit is exceeded. The shear stress limit was chosen to be 0.577"_> , where _> is

the yield strength of the material involved in the contact.

Boundary conditions for the model included constraints on the supports and on

the spccimen. Each rigid support has an associated reference node that is used to define

the motion of the surface and the boundary conditions are applied to these nodes. For the

two bottom supports, the displacement and rotation degrees of freedom were set at zero.

The vertical displacement (2 direction) of the upper support is used to apply the loading,

so only the horizontal ( 1 direction) displacement and rotation degrees of freedom for this

surface were set to zero. In addition, the horizontal displacement of a single node at the

midpoint on the bottom of the specimen was set to zero to prevent translation
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Simulationresultsarecomparedto theexperimentaldatato showthat the model

is capableof predicting both the global and the local response.The global response

predictions,in termsof the reactionforce versusthedisplacementof the uppersupport,

for the base metal and FSW specimensare shown in Figure 7-8 along with the

correspondingexperimentaldata.For both the homogeneousbasemetal specimen,the

model predictsslightly higher loadsin the initial non-linearportion of the curve, but

overallcapturestheresponsefairly well. Thepredictedresponsefor theFSWspecimenis

in excellentagreementwith theexperimentaldata.
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Figure 7-8 Global response data from 3-point bend tests. Results are shown for

experimental tests and 2-D model simulations.
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The local response for the two specimens, measured using the image correlation

technique, is presented as contour plots of the normal strain (£tl) distribution as seen in

Figure 7-9. These contour plots correspond to a load-point displacement of approximately

9 mm and each demonstrate characteristics typical of bars subject to bending, with

compressive strains on the surface where the loading was applied and tensile strains on

the opposite surface. Differences in the response between the two specimens are observed

in the extent of the deformed regions. The tensile and compressive regions of the base

metal specimen are relatively localized, whereas, in the heterogeneous weld, the lowest

strength material is not located at the highest stress region (i.e. centerline) so the

deformation is spread over a greater region. The simulation results for the base metal and

FSW specimens are shown in Figure 7-10 and Figure 7-11, respectively.
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Figure 7-9 Local response of the base metal and weld 3-point bend specimens

measured using the image correlation technique. Both contour plots correspond to a

load-point displacement of approximately 9 mm.
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Figure 7-10 Local response prediction for the 2-D model of the base metal 3-point

bend specimen.
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Qualitatively, the models demonstrate similar results in the normal strain

distribution as were seen in the experimental data. Comparisons between the model and

experiment are presented in Figure 7-12 and Figure %13. Normal strain distributions at

locations near the top, middle, and bottom of the base metal specimen are shown in

Figure 7-12. Overall, the model accurately predicts the shape of the distribution and the

magnitude of the strain at each location, although there is a slight variation in the results

on the top surface. Near the top surface the model predicts slight localizations on each

side of the specimen centerline, however these are most likely due to the geometric

approximation of the circular, rigid support surface.
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Figure 7-12 Local response predictions at the top, middle and bottom of the base

metal 3-point bend specimen. Model results are compared to the experimental data

at the same locations.
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Figure7-13 showsthe normalstraindistributionsat the top, middle, andbottom

of the hot FSW specimen. Compared to the experimental results for the base metal

specimen, the weld experiences lower, maximum compressive and tensile strains and, for

the most part, demonstrates fairly uniform strains at each location in the weld. The model

predicts very similar trends throughout the weld; however, it does show higher tensile

strains around the weld centerline on the bottom surface. This is most likely due to the

limited data used to define the nugget material behavior. Recall that the material

definition includes hardening up to the last pair of true stress-true plastic strain values and
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Figure 7-13 Local response predictions at the top, middle and bottom of the Hot

FSW 3-point bend specimen. Model results are compared to experimental data at

the same locations.
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then becomes perfectly plastic. For the nugget material, this occurs once the strain has

exceeded a value of approximately 3.6%. This limitation may be resolved by

extrapolation of the local constitutive data. Near the top surface, the model does a good

job of capturing the strain distribution, with the exception of the strain localizations

resulting from the geometric approximation of the support surface. Overall, the model

results agree well with the experimentally observed data for both the homogeneous and

heterogeneous specimens.

The preceding demonstrations indicate that the 2-D model of the friction stir weld

is capable of providing realistic information for a wide variety of applications. Besides

presenting additional verification of the experimentally determined local material

properties, these results appear to justify the detailed description of the weld composition

and suggest that the model has the potential to be used as a valuable process development

tool.
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Chapter 8 Summary and Conclusions

A technique for determining local constitutive data in a heterogeneous material

has been outlined and demonstrated in studying the mechanical behavior of friction stir

welds in aluminum alloy 2024. The global and local mechanical response of several

different welds was examined experimentally through transverse tensile tests. Full field

measurements obtained via digital image correlation provided a detailed description of

the local mechanical response in terms of the tensile stain distribution. Individual

materials comprising each weld and the distribution of these materials within the weld

were identified from yield stress maps constructed from local constitutive data. This

information was then used to develop a finite element model of the FSW for verifying the

assumptions inherent in the technique and validating the experimentally determined local

constitutive data. Simulation results from the 2-D and 3-D models were compared with

the experimental data and exhibited excellent agreement at both the global and local

level.

The technique, presented as an alternative to some of the methods currently

available, utilizes standard tensile testing procedures, digital image correlation and a

simplifying assumption regarding the FSW. The use of digital image correlation in

conjunction with the tensile test allows for full field measurements to be made during the

loading of the specimen, resulting in a history of the deformation that can be used to
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examinethe local responseof virtually any point in the weld. In order to constructthe

actual constitutivedata for a particularposition in the weld, the local stressmust be

knownin addition to the local strain.Local straindatais determinedfrom processingof

the full field displacementdataprovidedby the imagecorrelationtechnique.The local

stressis obtainedfrom thegloballoadusingtheassumptionthatthefriction stir weld is a

compositematerialundergoingnominally iso-stressloadingconditions.The validity of

this assumptionis examinedby comparingpropertiesmeasuredfrom full thicknessand

reducedthicknessspecimensandtheresultsappeartojustify theapproximation.

Oneof the advantagesof the proposedtechniqueis the ability to determinethe

local materialpropertiesfrom a singletransversetensileteston theactualweld material.

To demonstratethat the measuredmaterialpropertiesarecorrect,the transversetensile

testof the FSW is simulatedusing2-D and3-D finite elementmodels.The modelsare

developed using the experimentally determined material properties and material

distributionsas input.Two dimensionalplanestrainandplanestressmodelsof theFSW

areanalyzedand it is foundthat the planestressrepresentationprovidesthe bestresults

for both the global and local response.The actualconstraintconditionsare examined

through3-D simulationsof specimensof varyingwidths andalthoughsomeincreasein

constraintis developed,the3-D resultssuggestthatnearlyplanestressconditionsexist in

the FSW. Two-dimensionalsimulations incorporating materials from the reduced

thicknessspecimensarecomparedto modelsusingthe full thicknessmaterialsand the

resultsindicatethat thefull thicknessmaterialsprovideanaccuraterepresentationof the

FSW,therebyvalidatingthe iso-stressapproximation.In addition,comparisonsof the 2-
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D and3-D modelpredictionsdemonstratethat the mechanicalresponseof theFSW can

bemodeledasatwo-dimensionalproblem.

Resultsprovided by the finite elementsimulationsshow that the 2-D model is

capableof accuratelypredicting the responseof the FSW under transverse,uniaxial

loading conditions.To demonstratethe potential of the model for providing useful

predictionsin otherapplications,severalinterestingsituationsareconsidered.To justify

thedetail includedin the model,in termsof thenumberof materialsusedto definethe

weld and the distribution of thesematerialswithin the weld, a model incorporatinga

single, averageweld material is constructed.The results indicate that this "simple"

descriptionof the weld doesnot accuratelycapturethe local mechanicalbehaviorthus

supportingthedetailusedin theoriginal model.Therole of the modelasa potentialtool

in examiningtheeffectof a welddefectis alsodemonstrated.A lackof penetrationdefect

is introducedin the modeland its effect on the local mechanicalresponsein tensionis

foundto beconsistentwith tileexperimentallyobservedresponseof a FSWcontainingan

artificially producedLOPdefect.As a final exampleof themodelspredictivecapabilities,

the responseof the FSW to 3-point bendingis simulated.Global and local response

predictionsfor all basemetalandFSW specimensarecomparedwith experimentaldata

for thesamespecimensandtheresultsarein excellentagreement.

Basedon the findings in this work, the proposedtechniquepresentsa viable

alternative to the current methodsused in determining local material propertiesin

heterogeneousmaterials.In utilizing standardtensiletestingproceduresand the digital

imagecorrelationtechnique,themethodbenefitsfrom establishedpropertymeasurement

practices and superior resolution. The principal assumptionof iso-stress loading

130



conditionsis requisitefor localstressdetermination;therefore,thetechniqueis applicable

to materialsthat maybeapproximatedby aseriesarrangementof constituentmaterials.A

singletransversetensileteston a full sizespecimenis sufficient to accuratelydetermine

the localconstitutivebehavioraswell asthe distribution of the individual constituents.

However, the techniqueis limited in the extent of the constitutive data that can be

determined.By testingtheheterogeneousmaterialasawhole, thestrainrangeoverwhich

theconstitutivedatacanbemeasuredis limited by thestrengthof theweakestregionand

oncethis region fails no further informationon the remainingconstituentsis available.

The finite elementmodel of the heterogeneousmaterialcomplimentsthe experimental

portion of the techniqueand providesverification of the local constitutive behavior,

materialdistributionandconditionof constraint.

Although the resultspresentedin this work demonstratetheexcellentcapabilities

of the proposedtechnique,somerecommendationsare suggestedfor improvementof

both the experimentaland numericalcomponents.Clearly, the amountof inlormation

available lot constructingthe local constitutivedata is limited by the strengthof the

weakestregion,however,this maybemaximizedby acquiringan imagejust prior to the

point of failure. This is a difficult task with the current setupbut one that may be

achievedby usinga videosystemcapableof capturingframesat a veryhighrate.If such

a system were to be used, it would be necessaryto synchronizeimage and data

acquisitionsystemsso that the correct load is recordedfor each image.This type of

systemwouldprovidea markedimprovementin accuracyandefficiencyoverthecurrent

setup.
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Anotherareafor improvementis in the constructionof theyield stressmap.The

yield stressmap, which is usedto define materialdistribution, is createdby manually

determiningtheoffset yield strengthat manylocationsand,in orderto achievesufficient

resolution,requiresseveralhundredcalculationsandagreatdealof time. A programthat

could beusedto automaticallyprovide this informationwould significantly improvethe

speed of the process and also eliminate some of the subjectivity regarding the

calculations.In addition to theyield stressmap,a moresystematicapproachto defining

thematerialdistributionmaybeprovidedby includingothermaterialpropertymapssuch

asmicrohardnessandmicrostructuremaps.

The finite elementmodelutilizes a very fine, uniform meshto accommodatethe

definition of the materialdistribution andto capturethe largegradientsexpectedin the

weld. This resultsin a relativelylargemodelevenin the2-D case.Sincea largeportion

of the model is basematerialand the gradientsfar from the weld are small, a coarser

meshcouldbeusedin theseareasto reducethesizeof themodelandthecompt,tational

time. Alternatively,automaticmeshgenerationcould beusedto speedup theprocessof

generatingthe input file and minimize the model size by utilizing curve fits to the

materialboundariesand automaticallygeneratingthe individual elementsets.For the

model to be used in failure prediction or damageassessmentapplications,a failure

criterion mustbe incorporatedandthematerialpropertydefinitions mustbe extrapolated

to provide information over a wider strain range. The addition of these features would

undoubtedly result in a valuable tool for the development and optimization of processes

that produce globally heterogeneous materials.
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